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Preface 


Harmonic analysis is the study of objects (functions, measures, etc.), 
defined on topological groups. The group structure enters into the study 
by allowing the consideration of the translates of the object under study, 
that is, by placing the object in a translation-invariant space. The study 
consists of two steps. First: finding the "elementary components” of 
the object, that is, objects of the same or similar class, which exhibit 
the simplest behavior under translation and which "belong" to the ob- 
ject under study (harmonic or spectral analysis); and second: finding 
a way in which the object can be construed as a combination of its 
elementary components (harmonic or spectral synthesis). 

The vagueness of this description is due not only to the limitation 
of the author but also to the vastness of its scope. In trying to make it 
clearer, one can proceed in various ways'; we have chosen here to sac- 
rifice generality for the sake of concreteness. We start with the circle 
group T and deal with classical Fourier series in the first five chap- 
ters, turning then to the real line in Chapter VI and coming to locally 
compact abelian groups, only for a brief sketch, in Chapter VII. The 
philosophy behind the choice of this approach is that it makes it easier 
for students to grasp the main ideas and gives them a large class of con- 
crete examples which are essential for the proper understanding of the 
theory in the general context of topological groups. The presentation of 
Fourier series and integrals differs from that in [1], [7], [8], and [28] in 
being, I believe, more explicitly aimed at the general (locally compact 
abelian) case. 

The last chapter is an introduction to the theory of commutative 
Banach algebras. It is biased, studying Banach algebras mainly as a 
tool in harmonic analysis. 

This book is an expanded version of a set of lecture notes written 


tHence the indefinite article in the title of the book. 
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for a course which I taught at Stanford University during the spring 
and summer quarters of 1965. The course was intended for graduate 
students who had already had two quarters of the basic "real-variable" 
course. The book is on the same level: the reader is assumed to be fa- 
miliar with the basic notions and facts of Lebesgue integration, the most 
elementary facts concerning Borel measures, some basic facts about 
holomorphic functions of one complex variable, and some elements of 
functional analysis, namely: the notions of a Banach space, continuous 
linear functionals, and the three key theorems—"the closed graph", the 
Hahn-Banach, and the "uniform boundedhess" theorems. Al the pre- 
requisites can be found in [23] and (except, for the complex variable) 
in [22]. Assuming these prerequisites, the book, or most of it, can be 
covered in a one-year course. A slower moving course or one shorter 
than a year may exclude some of the starred sections (or subsections). 
Aiming for a one-year course forced the omission not only of the more 
general setup (non-abelian groups are not even mentioned), but also of 
many concrete topics such as Fourier analysis on R”,n > J, and finer 
problems of harmonic analysis in T or R (some of which can be found 
in [13]). Also, some important material was cut into exercises, and we 
urge the reader to do as many of them as he can. 


The bibliography consists mainly of books, and it is through the bib- 
liographies included in these books that the reader is to become famil- 
iar with the many research papers written on harmonic analysis. Only 
some, more recent, papers are included in our bibliography. In general 
we credit authors only seldom—most often for identification purposes. 
With the growing mobility of mathematicians, and the happy amount 
of oral communication, many results develop within the mathematical 
folklore and when they find their way into print it is not always easy 
to determine who deserves the credit. When I was writing Chapter Ill 
of this book, I was very pleased to produce the simple elegant proof of 
Theorem 1.6 there. I could swear I did it myself until I remembered 
two days later that six months earlier, "over a cup of coffee," Lennart 
Carleson indicated to me this same proof. 


The book is divided into chapters, sections, and subsections. The 
chapter numbers are denoted by roman numerals and the sections and 
subsections, as well as the exercises, by arabic numerals. In cross ref- 
erences within the same chapter, the chapter number is omitted; thus 
Theorem III.1.6, which is the theorem in subsection 6 of Section 1 
of Chapter Ill, is referred to as Theorem 1.6 within Chapter III, and 
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Theorem Il1.1.6 elsewhere. The exercises are gathered at the end of the 
sections, and exercise V.1.1 is the first exercise at the end of Section 1, 
Chapter V. Again, the chapter number is omitted when an exercise is 
referred to within the same chapter. The ends of proofs are marked by 
a triangle (<). 

The book was written while I was visiting the University of Paris 
and Stanford University and it owes its existence to the moral and tech- 
nical help 1 was so generously given in both places. During the writing 
I have benefitted from the advice and criticism of many friends; 1 would 
like to thank them all here. Particular thanks are due to L. Carleson, K. 
DeLeeuw, J.-P. Kahane, O.C. McGehee, and W. Rudin. I would also 
like to thank the publisher for the friendly cooperation in the production 
of this book. 

YITZHAK KATZNELSON 
Jerusalem 
April 1968 


The 2002 edition 


The second edition was essentially identical with the first, except for 
the correction of a few misprints. The current edition has some more 
misprints and “miswritings” corrected, and some material added: an 
additional section in the first chapter, a few exercises, and an additional 
appendix. The added material does not reflect the progress in the field 
in the past thirty or forty years. Almost all of it could, and should have 
been included in the first edition of the book. 


Stanford 
March 2002 
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AN INTRODUCTION TO 


HARMONIC ANALYSIS 


Chapter I 


Fourier Series on T 


We denote by R the additive group of real numbers and by Z the 
subgroup consisting of the integers. The group T is defined as the quo- 
tient R/27Z where, as indicated by the notation, 27Z is the group of 
the integral multiples of 27. There is an obvious identification between 
functions on T and 27-periodic functions on R, which allows an im- 
plicit introduction of notions such as continuity, differentiability, etc. 
for functions on T. The Lebesgue measure on T, also, can be defined 
by means of the preceding identification: a function f is integrable on 
T if the corresponding 27-periodic function, which we denote again by 
f, is integrable on [0, 27) and we set 


[roas [7 toa 


In other words, we consider the interval [0, 27) as a model for T and the 
Lebesgue measure dt on T is the restriction of the Lebesgue measure of 
R to [0,27). The total mass of dt on T is equal to 27 and many of our 
formulas would be simpler if we normalized dt to have total mass 1, 
that is, if we replace it by dxz/27. Taking intervals on R as "models" for 
T is very convenient, however, and we choose to put dt = dz in order to 
avoid confusion. We "pay" by having to write the factor 1/27 in front 
of every integral. 

An all-important property of dt on T is its translation invariance, 
that is, for all tg € T and f defined on T, 


f f(t—to)dt = / ftdt 


İThroughout this chapter, integrals with unspecified limits of integration are taken 
over T. 
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1 FOURIER COEFFICIENTS 

1.1 We denote by Z1(T) the space of all (equivalence? classes of) 
complex-valued, Lebesgue integrable functions on T. For f € I(T) 
we put 


o, 
Ifllu = z [Old 


It is well known that L! (T), with the norm so defined, is a Banach 
space. 


DEFINITION: A trigonometric polynomial on T is an expression of the 
form 


N 
(1.1) P~ So ane. 


n=—N 
The numbers n appearing in (1.1) are called the frequencies of P; the 
largest integer n such that |a,,| + [a-n] # 0 is called the degree of P. 
The values assumed by the index n are integers so that each of the 
summands in (1.1) is a function on T. Since (1.1) is a finite sum, it 
represents a function, which we denote again by P, defined for each 
teT by 


N 
(1.2) P(th= So ane”. 
n=—N 


Let P be defined by (1.2). Knowing the function P we can compute 
the coefficients a, by the formula 


(1.3) an = 1 f P(e tdt 
20 


which follows immediately from the fact that for integers j, 


z J cta J! F750, 

2T., 0 ifj#0. 
Thus we see that the function P determines the expression (1.1) 
and there seems to be no point in keeping the distinction between the 


expression (1.1) and the function P; we shall consider trigonometric 
polynomials as both formal expressions and functions. 


tf ~g if f(t) = g(£) almost everywhere 
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1.2 DEFINITION: A trigonometric series on T is an expression of 
the form 


(1.4) Sw S anet, 


Again, n assumes integral values; however, the number of terms in (1.4) 
may be infinite and there is no assumption whatsoever about the size 
of the coefficients or about convergence. The conjugatet of the series 
(1.4) is, by definition, the series 


CO 


S~ So -isgn(njane™. 


where sgn (n) = 0 ifn = 0 and sgn (n) = n/|n| otherwise. 
1.3 Let f € L(T). Motivated by (1.3) we define the nth Fourier 
coefficient of f by 
(1.5) f= J Hed 
20 


DEFINITION: The Fourier series S[f| of a function f € L'(T) is the 
trigonometric series 


SI ~ So fe. 


The series conjugate to S[f] will be denoted by S [f] and referred to 
as the conjugate Fourier series of f. We shall say that a trigonometric 
series is a Fourier series if it is the Fourier series of some f € L} (T). 


1.4 We turn to some elementary properties of Fourier coefficients. 
Theorem. Let f,g € L1(T), then 
(a) (f +.9)(n) = f(n) + Gn). 


(b) For any complex number a 


(af)(n) = afin). 


(c) If f is the complex conjugate’ of f then fin) = f(—n). 


+See Chapter III for motivation of the terminology. 
8Defined by: F(t) = f(4) for all t € T. 
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(d) Denote f,(t) = f(t—7), TET; then 
faln) = flyer. 


(2) \Fr)| Sa Sl flat = fle 


The proofs of (a) through (e) follow immediately from (1.5) and the 
details are left to the reader. 


1.5 Corollary. Assume f; € L'(T), j =0,1,..., and || fi- folz: > 0. 
Then f(n) > fo(n) uniformly. 


1.6 Theorem. Let f € L'(T), assume f(0) = 0, and define 


ot 
PO =f Foar 
0 
Then F is continuous, 21-periodic, and 


(1.6) F(n) = + f(n), n#0. 


PROOF: The continuity (and, in fact, the absolute continuity) of F is 
evident. The periodicity follows from 


t+27 a 
P(t+2n)— F(t) = f fydr = 27 f(0) =0, 


and (1.6) is obtained through integration by parts: 


T 1 on int —1 on / 1 int 1 ; 


1.7 We now define the convolution operation in L1(T). The reader 
will notice the use of the group structure of T and of the invariance of 
dt in the subsequent proofs. 


Theorem. Let f,g € L'(T). For almost all t, the function f(t —7)g(rT) 
is integrable (as a function of T on T), and, if we write 


1 
(1.7) MD = z; f FE- ng(ryar 
T t 
then h € L*(T) and 
(1.8) lalz < [Flza lllz- 
Moreover 


(1.9) Aln) = f(n)g(n)_ foralln. 
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PROOF: The functions f(t— r} and g(7), considered as functions of the 
two variables (t, x}, are clearly measurable, hence so is 


F(t,7) = fE —r)g9(7). 


For every 7, F(t, T} is just a constant multiple of f-, hence integrable 
dt, and 


a (z: /Penler) dr = z _f lol-t liar = [Flza lgl 


Hence, by the theorem of Fubini, f(t—rT}g(T} is integrable (over (0, 27)) 
as a function of 7 for almost all t, and 


1 1 1 1 

— = — — < — 

= fioa = |Isq_[ renea =f IF, 7) \dt dr 
= ||\fllz:|lgllz: 


which establishes (1.8). In order to prove (1.9) we write 
h(n) = J h(t)e "dt = L EK — re M9 g(rje dt dr 
Í Qn f An? f 
1 f l 1 f , ao 
=z [Bde mats f ojear = fln)atn) 
T, T, 


As above the change in the order of integration is justified by Fubini’s 
theorem. < 


1.8 DEFINITION: The convolution f x g of the (£1(T) functions) f 
and g is the function h defined by (1.8). Using the star notation for the 
convolution, we can write (1.9): 


(1.10) fe g(n) = f(n)a(n). 


Theorem. The convolution operation in L! (T) is commutative, asso- 
ciative, and distributive (with respect to the addition). 


PROOF: The change of variable V = t — 7 gives 


1 J J- T)g(t)dr = = J g(t — 0) f(D) dd, 


that is, 
f*g=g*f. 
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If fi, fe, fs E L! (T), then 
(i AAO = ga ff AE- u- DRU hdd = 
l tow dus dr = t 
7a || AE- hlo- DAO) dr = [fi (s O. 
Finally, the distributive law 
fis t fs) = fi * fat fix fs 
is evident from (1.7). « 


1.9 Lemma. Assume f € L'(T) and let p(t) = e’™ for some integer 
n. Then 


(o NID = fine. 


PROOF: 
Lf i ml f1 , 
(y* f)(@) = > | eiMt—7) f(r)dr = cm | ag | fear. a 


Corollary. If f € L'(T) and k(t) = Y” y ane, then 


N 
(1.11) (kx PE = So anf(nje™. 
=N 


EXERCISES FOR SECTION 1 


1. Compute the Fourier coefficients of the following functions (defined by 
their values on [—7, 7): 


2m ltl <5 
(a) Cr 
0 <el <r 
1—|t| lļ<1 
b A(t) = 
©) W f 1< j| <r. 
What relation do you see between f and A ? 
1 -1<t<0 
(c) g= 4—1 0<t<1 


o 1<Ș; 
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What relation do you see between g and A? 
(d) A) =t —H<t<7. 
2. Remembering Euler’s formulas 
1, E 1, E 
cost = z(e" +e Gon sint = z(e" — e $, 


or 
it o 
e = cost + isint, 


show that the Fourier series of a function f € L’ (T) is formally equal to 


Ao 


5 + N An cos nt + Bn sin nt) 
n=1 


where An = f(n) + f(—n) and Bn = i( f(n) — f(—n)). Equivalently: 
An = 1 / f(t) cos nt dt 
T ` 


Bn = 1 f feo sinneae. 
T 


Show also that if f is real valued, then An and Bn are all real; if f is even, 
that is, if f(t) = f(—t), then B, = 0 for all n; and if f is odd, that is, if 
f(t) = —f(—4), then A, = 0 for all n. 

3. Show that if S ~ Y` a; cos jt, then § ~ Y` a; sin jt. 

4. Let f € L'(T) and let P(t) = ae Gyeint. Compute the Fourier coeffi- 
cients of the function fP. 

5. Let f € L! (T), let m be a positive integer, and write 


fon (t) = f(mt). 


a f(®) ifm | n. 
fim) = f ifm {tn 


Show 


6. The trigonometric polynomial cosnt = 4(e'"* + e*”*) is of degree n 
and has 2n zeros on T. Show that no trigonometric polynomial of degree n > 0 
can have more than 2n zeros on T. 

Hint: Identify 3°”, aje’* on T with z” 3°” ajz”*? on |z| = 1. 

7. Denote by C* the multiplicative group of complex numbers different 
from zero. Denote by T* the subgroup of all z € C* such that |z| = 1. Prove 
that if G is a subgroup of C* which is compact (as a set of complex numbers), 
then G C T*. 

8. Let G be a compact proper subgroup of T. Prove that G is finite and 
determine its structure. 
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Hint: Show that G is discrete. 

9. Let G be an infinite subgroup of T. Prove that G is dense in T. 
Hint: The closure of G in T is a compact subgroup. 

10. Let a be an irrational multiple of 27. Prove that {na (mod 27) }nez is 
dense in T. 

11. Prove that a continuous homomorphism of T into C™ is necessarily 
given by an exponential function. 

Hint: Use exercise 7 to show that the mapping is into T*; determine the map- 
ping on "small" rational multiples of 27 and use exercise 9. 

12 If E is a subset of T and m € T, we define E + 7 = {t+ 70:t € E}; 
we say that Æ is invariant under translation by 7 if E = E +r. Show that, 
given a set E, the set of r € T such that E is invariant under translation by 
7 is a subgroup of T. Hence prove that if E is a measurable set on T and Æ 
is invariant under translation by infinitely many 7 € T, then either E or its 
complement has measure zero. 

Hint: A set E of positive measure has points of density, that is, points 7 such 
that (2¢)~"|EN(r—e,7+¢)| — 1 as e — 0. (|Eo| denotes the Lebesgue measure 
of Eo.) 

13. If E and F are subsets of T, we write 


E+F={t+r:tE E, TEF} 


and call E + F the algebraic sum of E and F. Similarly we define the sum of 
any finite number of sets. A set E is called a basis for Tif there exists an integer 
N such that E + E + ---+ E (N times) is T. Prove that every set E of positive 
measure on T is a basis. 
Hint: Prove that if E contains an interval it is a basis. Using points of density 
prove that if E has positive measure then E + E contains intervals. 

14. Show that measurable proper subgroups of T have measure zero. 

15. Show that measurable homomorphisms of T into C* map it into T*. 

16. Let f be a measurable homomorphism of T into T*. Show that for all 
values of n, except possibly one value, f(n) =O. 


2 SUMMABILITY IN NORM AND HOMOGENEOUS BANACH 
SPACES ON T 


2.1 We have defined the Fourier series of a function f € L'(T) as 
a certain (formal) trigonometric series. The reader may wonder what 
is the point in the introduction of such formal series. After all, there 
is no more information in the (formal) expression 37°. f(n)e’”” than 
there is in the simpler one { f(n)}°_.,, or the even simpler f with the 
understanding that the function f is defined on the integers. As we 
shall see, both expressions, > f(n)c’”* and f, have their advantages; 
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the main advantages of the series notation being that it indicates the 
way in which f can be reconstructed from f. Much of this chapter 
and all of chapter II will be devoted to clarifying the sense in which 
D f(n)e™ represents f. In this section we establish some of the main 
facts; we shall see that f determines f uniquely and we show how we 
can find f if we know f. 

Two very important properties of the Banach space L!(T) are the 
following: 


H-1° If f € L'(T) and 7 € T, then 
f-t) = f(t- 7) € E (T) and | frl = [fll 


H-2° The L! (T)-valued function 7 +> f+ is continuous on T, that is, for 
fE L (T) and 7 € T 


(2.1) jim |f- = fro lle = 0. 


We shall refer to (H-1’) as the translation invariance of L! (T); it is 
an immediate consequence of the translation invariance of the measure 
dt. In order to establish (H-2’) we notice first that (2.1) is clearly valid if 
f is a continuous function. Remembering that the continuous functions 
are dense in L'(T), we now consider an arbitrary f € L'(T) and £ > 0. 
Let g be a continuous function on T such that ||g — f||z: < /2; thus 


fr — fro ms |f- Gr ln Il gr Jro I| EA H Il Gro Fro lr = 
= ||(f — 9)llz + lg- — Gro lle + (g — Prolles < E+ |lg7 — Gro Iles 


Hence lim||f; — f,,||z1 < £ and, £ being an arbitrary positive number, 
(H-2’) is established. 


2.2 DEFINITION: A summability kernel is a sequence {kn } of con- 
tinuous 27-periodic functions satisfying: 


Nap 
(S-1) = J ken(t)dt = 1 
(S-2) z [lh (t)|dt < const 
z | C t < cons 
(S-3) Forall0<6é6 <a, 
2r—å 
lim lka ( ldt = 0 


NSO å 


10 AN INTRODUCTION TO HARMONIC ANALYSIS 


A positive summability kernel is one such that k,,(¢) > 0 for all t and n. 
For positive kernels the assumption (S-2) is clearly redundant. 

We consider also families k, depending on a continuous parameter 
r instead of the discrete n. Thus the Poisson kernel P(r, t), which we 
shall define at the end of this section, is defined for 0 < r < 1 and we 
replace in (S-3), as well as in the applications, the limit “lim,,...” by 
“lim,” 

The following lemma is stated in terms of vector-valued integrals. 
We refer to Appendix A for the definition and relevant properties. 


Lemma. Let B be a Banach space, ọ a continuous B-valued function 
on T, and {k,} a summability kernel. Then: 


lim JE (r)yp(r)dr = p(0). 


NO 2 


PROOF: By (S-I) we have, for 0 < 6 < 7, 


nl (r)olr)dr — (0) = az f he (r)(v(r) — p(0))ar 


“ Z vi Jie (olr) — (0))ar. 


Now 


ô 
23) |ý | HOEN -edly < palea) ~ eal bale 
and 


(2.4) le: [oe kel) - #(0))dr|| < 


< max 


Ar) — Op ge holar 


By (S-2) and the continuity of y(7) at 7 = 0, given £ > 0 we can find 
ò > 0 so that (2.3) is bounded by £, and keeping this 6, it results from 
(S-3) that (2.4) tends to zero as n — œ so that (2.2) is bounded by 2s. 

< 


2.3 For f € L'(T) we put (T) = f-(t) = f(t- 7). By (H-1°) and 
(H-2’), y is a continuous L!(T)-valued function on T and (0) = f. 
Applying lemma 2.2 we obtain 
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Theorem. Let f € L! (T) and {kn} be a summability kernel; then 


1 
(2.5) f= lim 5 / k(t) fedr 


in the L! (T) norm. 


2.4 The integrals in (2.5) have the formal appearance of a convolu- 
tion although the operation involved, that is, vector mtegration, is dif- 
ferent from the convolution as defined in section 1.7. The ambiguity, 
however, is harmless. 


Lemma. Let k be a continuous function on T and f € I+(T). Then 


(2.6) > f kit) fdr = kxf. 


PROOF: Assume first that f is continuous on T. We have, Appendix A, 
1 f . l.. 
ag | Bede = z im Sra C) fa 
J 


the limit being taken in the L'(T) norm as the subdivision {7; } of [0, 27) 
becomes finer and finer. On the other hand, 


se lim Span = a(n) 7) = Ch AYO 


uniformly and the lemma is proved for continuous f. For arbitrary 
f € L1(T), let £ > 0 be arbitrary and let g be a continuous function on 
T such that || f — g||z1 < £. Then, since (2.6) is valid for g, 


1 


ae [Otd hx f= fG- odr + bx a- f) 


and consequently 


lz 
aT < 


J k(T)f-dr — k * i, < Qk] pie. 
Using lemma 2.4 we can rewrite (2.5): 


2.5) f= lim k, * f in the L! (T) norm. 
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2.5 One of the most useful summability kernels, and probably the 
best known, is Fejér’s kernel (which we denote by {K,,}) defined by 


(2.7) K,,(t) = y (1 ll yew. 


ntl 


j=-n 


The fact that K,, satisfies (S-1) is obvious from (2.7); that Kn (t) > 0 
and that (S-3) is satisfied is clear from 


on 2 
K,,(t) 1 (= nol ) . 


ntl sin t 


Lemma. 


PROOF: Recall that 
we 1 l a . 
(2.8) sin 3 = 9 (1 — cost) = —Fe t le 


A direct computation of the coefficients in the product shows that 


loa l la)“ ( li ijt 
la l L yer 
(i ta 1) n+1)° 


— 1 1 —i(n+1)t 1 1 i(n+1)t 
-hr t377" i 


< 


We adhere to the generally used notation and write on(f} = Kn * f 
and o,(f,t) = (Kn * f)(£). It follows from corollary 1.9 that 


2.9) anh) = (1-2) felt 

2.6 The fact that o,(f) — f in the £'(T) norm for every f € L'(T), 
which is a special case of (2.5’), and the fact that on( f} is a trigono- 
metric polynomial imply that trigonometric polynomials are dense in 
L! (T). Other immediate consequences are the following two important 
theorems. 


2.7 Theorem (The Uniqueness Theorem). Let f € L'(T) and 
assume that f(n) = 0 for all n. Then f = 0. 


PROOF: By (2.9) o,(f)} = 0 for all n. Since o,(f) — f, it follows that 
f=0. < 
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An equivalent form of the uniqueness theorem is: Let f, g € L! (T) and 
assume f(n} = g(n) for all n, then f = g. 


2.8 Theorem (The Riemann-Lebesgue Lemma). Let f € L'(T), 
then 

| lim f(n) =0. 
PROOF: Lete > 0 and let P be a trigonometric polynomial on T such 
that || f — Pl|zı < £. If |n| > degree of P, then 


A= IFE P) < If Ple < e < 


Remark: If K is a compact set in L! (T) and £ > 0, there exist a finite 
number of trigonometric polynomials Pı ..., Px such that for every f € 
K there exists a j, 1 < j < N, such that || f — P;\|,1 < £. If |n] is greater 
than maxı<;<n (degree of P;) then |f(n)| < e for all f € K. Thus, 
the Riemann-Lebesgue lemma holds uniformly on compact subsets of 
LT). 


2.9 For € L1(T) we denote by S;,(f) the nth partial sum of S| f], that 
is, 


(2.10) (ADO = D= E AD 
If we compare (2.9) and (2.10) we see that 
QM) olf) = OE S) HE a), 


in other words, the on (f) are the arithmetic meanst of S,,(f). It follows 
that if S„(f) converge in L1(T) as n — ov, then the limit is necessarily 
f. 

From corollary 1.9 it follows that S,,(f) = Dn * f where D,, is the 
Dirichlet kernel defined by 


nm 


. 1 
3 sin(n + 5)t 
(2.12) D,(t) =F et = PETE 
sin 5t 
n 
+ Often referred to as the Cesàro means or, especially in Fourier Analysis, as the Fejér 
means. 


14 AN INTRODUCTION TO HARMONIC ANALYSIS 


It is important to notice that {Dn} is not a summability kernel in our 
sense. It does satisfy condition (S-1); however, it does not satisfy ei- 
ther (S-2) or (S-3). This explains why the problem of convergence for 
Fourier series is so much harder than the problem of summability. We 
shall discuss convergence in chapter II. 


2.10 DEFINITION: A homogeneous Banach space on T is a linear 
subspace B of L1(T) having a norm || ||p > || ||,: under which it is a 
Banach space, and having the following properties: 


(H-1) Iff € B and7 eT, then f, € B and ||f-||eb = ||fllg (where 
f(t) = f(t ~ T)). 


(H-2) For all f € B, T, TO € T, lim, +, || f+ ~ fro || =0. 


Remarks: Condition (H-1) is referred to as translation invariance and 
(H-2) as continuity of the translation. We could simplify (H-2) some- 
what by requiring continuity at one specific 7 € T, say 7 = 0 rather 
than at every 7 € T, since by (H-1) 


lf — fale = llf- — flle 


Also, the method of the proof of (H-2’) (see 2.1) shows that if we have 
a space B satisfying (H-1) and we want to show that it satisfies (H-2) as 
well, it is sufficient to check the continuity of the translation on a dense 
subset of B. An almost equivalent statement is 


Lemma. Let B C L!(T) be a Banach space satisfying (H-1). Denote 
by B. the set of all f € B such that 7 œ> f, is a continuous B-valued 
function. Then B, is a closed subspace of B. 


Examples of homogeneous Banach spaces on T. 
(a) C(T)-the space of all continuous 27-periodic functions with the 
norm 


(2.13) Iflloo = maxi f(0| 
(b) C” (T)-the subspace of C(T) of all n-times continuously differ- 


entiable functions (n being a rational integer) with the norm 


n 


2.13") lle = Smal f(t) 


j=0° 
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(c) L?(T), 1 < p < oo-the subspace of L'(T) consisting of all the 
functions f for which ||f(¢)|?dt < co with the norm 


1/p 
Q.14) Isler = (se fuor) 


The validity of (H-1) for all three examples is obvious. The validity 
of (H-2) for (a) and (b) is equivalent to the statement that continuous 
functions on T are uniformly continuous. The proof of (H-2) for (c) is 
identical to that of (H-2’) (see 2.1). 


We now extend Theorem 2.3 to homogeneous Banach spaces on T. 


2.11 Theorem. Let B be a homogeneous Banach space on T, let 
f € Band let {k,} be a summability kernel. Then 


lkn * f — f| — 0 as noo. 


PROOF: Since || |s > || z1, the B-valued integral + f kn(T)f-dr is 
the same as the Z!(T)-valued integral which, by Lemma 2.4, is equal to 
kn x f. The theorem now follows from Lemma 2.2. < 


2.12 Theorem. Let B be a homogeneous Banach space on T. Then 
the trigonometric polynomials in B are everywhere dense. 


PROOF: For every. f € B, on(f) > f. < 


Corollary (Weierstrass Approximation Theorem). Every contin- 
uous 2r-periodic function can be approximated uniformly by trigono- 
metric polynomials. 


2.13 We finish this section by mentioning two important summabil- 
ity kernels. 
a. The de la Vallée Poussin kernel: 


(2.15) Va (t) = 2Kon4i(t) — Kn(t) 


(S-1), (S-2) and (S-3) are obvious from (2.15). V„ is a polynomial of 
degree 2n + 1 having the property that V,,(j) = 1 if |j| < n+ 1; it 
is therefore very useful when we want to approximate a function f by 
polynomials having the same Fourier coefficients as f over prescribed 
intervals (namely V,, * f). 
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b. The Poisson kernel: for 0 < r < 1 put 


1—r? 


— 2r cost +r? 


2.16) P(r,t) =X rle =14+2Ņ r cos jt = 
(2.16) (r,t) Sor e + Qe COs j i 


It follows from Corollary 1.9 and from the fact that the series in (2.16) 
converges uniformly, that 


(2.17) P(r,t)* f= y Any le, 


Thus P » f is the Abel mean of S| f] and Theorem 2.11 (with Poisson’s 
kernel) states that for f € B, S| f] is Abel summable to f in the B norm. 
Compared to the Fejér kernel, the Poisson kernel has the disadvantage 
of not being a polynomial; however, being essentially the real part of 
the Cauchy kernel—precisely: P(r, t) = R (ttre, ), the Poisson kernel 
links the theory of trigonometric series with the theory of analytic func- 
tions. We shall make much use of that in chapter III. Another important 


property of P(r, t) is that it is a decreasing function of t for 0 < t <q. 


EXERCISES FOR SECTION 2 


1. Show that every measurable homomorphism of T into T* has the form 
tr e’™ where n is a rational integer. 
Hint: Use Exercise 1.16. 

2. Show that in the following examples (H-1) is satisfied but (H-2) is not 
satisfied: 
(a) L™ (T)-the space of essentially bounded functions in L! (T) with the norm 


Ifl = ess sup perl fŒ 
(b) Lip, (T), 0 < a < 1-the subspace of C(T) consisting of the functions f 


for which iF h) — FO) 
t+h)—j(t 
SUPier, h20 o me <% 


with the norm 


e+ -FO 


II flltip,, = sup,|f(t)| + SUPy er, h0 jaje 


3. Show that for B = L® (T), Be (see Lemma 2.10) is C (T). 
4. Assume 0 < a < 1; show that for B = Lip, (T) 


lftt+th)—f@| _ 
ne o} 


B. = lip,(T) = { f lim sup, 
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5. Show that for B = Lip, (T), Be = C' (T). 

6. Let B be a Banach space on T, satisfying (H-1). Prove that Be is the 
closure of the set of trigonometric polynomials in B. 

7. Use exercise 1.1 and the fact that step functions are dense in L (T) to 
prove the Riemann-Lebesgue lemma. 

8. (Fejér’s lemma). If f € £1(T) and g € L™ (T), then 


tim, / f(t)g(nt)dt = 7(0)9(0). 


Hint: Approximate f in the L! (T) norm by polynomials. 

9. Show that for f € L'(T) the norm of the operator f : g> f *g on L'(T) 
is || fllrs. 

Hint: Knlln1 = 1, Ka * fle > Mlle 

10. Defining the support of a function f € L'(T) as the smallest closed set 
S such that f(t) = 0 almost everywhere in the complement of S, show that the 
support of f x g for f,g € L (T) is included in the algebraic sum support(f) + 
support(g). 

11. Forn = 1,2,... let kn be a nonnegative, infinitely differentiable func- 
tion on T having the properties (i) f kn(t)dt = 1, (ii) kn(t) = 0 if |t| > 1/n. 
Show that {kn } is a summability kernel and deduce that if B is a homogeneous 
Banach space on T and f € B, then f can be approximated in the B norm by 
infinitely differentiable functions with supports arbitrarily close to the support 
of f. 

12. (Bernstein)! Let P be a trigonometric polynomial of degree n. Show 
that sup, |P (H| < 2n sup, | PO]. 

Hint: P' = —P x 2nKn—1(t)sinnt. Also ||2nKn—1 sin nt||zi¢r) < 2n. 

13. Let B be a homogeneous Banach space on T. Show that if g € L'(T) 

and f € B then gx f € B, and 


lg* file < llglles|lflle - 


14. Let B be a homogeneous Banach space on T. Let H C B be a closed, 
translation-invariant subspace. Show that H is spanned by the exponentials it 
contains and deduce that a function f € B is in H if, and only if, for every 
n € Z such that f(n) 4 0, there exists g € H such that ĝ(n) £0. 


3 POINTWISE CONVERGENCE OF o,(f). 


We saw in section 2 that if f € L(T), then o,,(f) converges to f 
in the topology of any homogeneous Banach space that contains f. In 
particular, if f € C(T) then o,,(f) converges to f uniformly. However, 


*Bernstein’s inequality is: sup|P’| < n sup| P|, and can be proved similarly, see exer- 
cise 14 on page 48. 
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if f is not continuous, we cannot usually deduce pointwise convergence 
of on( f) from its convergence in norm, nor can we relate the limit of 
on(f,to), in case it exists, to f(t)), We therefore have to reexamine the 
integrals defining o,,(f) for pointwise convergence. 


3.1 Theorem (Fejér). Let f € L'(T). 


(a) Assume that limp,—o(f(to + R) + f(to — h)) exists (we allow the 
values —œ and +00); then 


1 
3.1) Falf, to) > 5 lim (Fo +h) + f(to — h)) 
In particular, if ty is a point of continuity of f, then onl f, to) > f(to). 


(b) If every point of a closed interval I is a point of continuity for f, 
anl f, t) converges to f(t) uniformly on I. 


(c) Iffor ae. t, m< f(t), thenm < on(f,t); if for ae. t, ft) <M, 
then on(f,t) < M. 


Remark: The proof will be based on the fact that {K,,(¢)} is a positive 
summability kernel which has the following properties: 


3.2) For0<¥<7, lim (Supp ctconv K,(t)) =0, 


(3.3) K,,(t) = K,,(—t) 


The statement of the theorem remains valid if we replace o,,({) by 
kn * f, where {kn } is a positive summability kernel satisfying (3.2) and 
(3.3). For example: the Poisson kernel satisfies all the these require- 
ments and the statement of the theorem remains valid if we replace 
anl f) by the Abel means of the Fourier series of f. 


PROOF OF FEJER’S THEOREM: We assume for simplicity that 
f (to) = lim 3(f(to + h) + f(to — h)) is finite; the modifications needed 
for the cases f (ty) = +00 or f (ty) = —oo being obvious. Now 


onl fsto) = flo) = zy f Klo = ~ flto)) ar = 


GA =a TIE WA ye n(t)(f (to — 7) — F(to))ar 
A(T- o= e 
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(Notice that the last equality in (3.4) depends on (3.3).) 
Given £ > 0, we choose 7 > 0 so small that 


Fto +7) + f(to — 7) 


G5) |rl<d ; Kto)| < £ 
and then no so large that n > no implies 

(3.6) SUP ye can_y Kn (7) < €. 

From (3.4), (3.5), and (3.6) we obtain 

(3.7) lon(f,to) — F(E+0)| < £+ elf- Fto)llz 


which proves part (a). 
Part (b) follows from the uniform continuity of f on J; we can pick 
? so that (3.5) is valid for all tọ € J, and ng depends only on ? (and e). 
Part (c) depends only on the fact that K,,(¢) > 0 and $-K,,(t)dt = 1; 
ifm < f then 


on(f,t) -m= = f Ka (T (f(t -— 7) — m)dr > 0 


the integrand being nonnegative. If f < M then 


1 
M — onl f, t) = On f K,,(7) (M =Z f(t ~ T))dr > 0 
T 
for the same reason. < 


Corollary. [f to is a point of continuity of f and if the Fourier series 
of f converges at to then its sum is f(to) (cf 2.9). 


3.2 Fejér’s condition 


Fito) = lim LEEM to =) 


implies that 


1 h 
(3-8) iny f 


Requiring the existence of a number f(t) such that (3.8) is valid is far 
less restrictive than Fejér’s condition and more natural for summable 
functions. It does not change if we modify f on a set of measure zero 
and, although for some function f Fejér’s condition may hold for no 
value to, (3.8) holds with f(to) = f (to) for almost all tọ (cf. [28], Vol. 
1, p. 65). 


f(to +7) + f(to — 7) 
2 


F(to) dr = 0. 
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Theorem (Lebesgue). [f (3.8) holds, then o,(f,to) —> f(to). In par- 
ticular o,,(f,t) = f(t) almost everywhere. 


PROOF: As in the proof of Fejér’s theorem, 
on(f,to) — Fto) = 


(3.9) _ LPs Peo Ae Ho f(t) ar. 


As K, (7) = zH (eo?) and sin 5 > = for0 <7 < 7, we obtain 


r? 
(3.10) K,,(7) < min(n+ Lope) 


In particular we see that the second integral in (3.9) tends to zero pro- 
vided (n + 1)¥? tends to oo. We pick V = n~!/4 and turn to evaluate the 
first integral. 


Denote 
a(h) = [e +7) * f(to = 7) O 
then 
=f xine aolas =f 
SO) net gO Hol 


The term “** (+) tends to zero by (3.8). Integration by parts gives 


T f 
n+1 jı 


Fito +r) + f(to— 7 


Fay |% = 


2 
(3.11) j 
_ R Eaj _ 2m [ P(T) i 
nt 1b lijn n++1 lyn T’ ` 
For £ > 0 and n > n(e) we have by (3.8) 
1/4 


@(r)<er in O0<7r<V=n- 


hence (3.11) is bounded by 


TEN QKE [ dt 
> < 3TE. 
n+l ntl jpm < 


I. FOURIER SERIES ON T 21 


Corollary. /f the Fourier series of f € L! (T) converges on a set E of 
positive measure, its sum coincides with f almost everywhere on E. In 
particular, if a Fourier series converges to zero almost everywhere, all 
its coefficients must vanish. 


Remark: This last result is not true for all trigonometric series. There 
are examples of trigonometric series converging to zero almost every- 
where! without being identically zero. 


3.3 The need to impose in Theorem 3.2 the strict condition (3.8) 
rather than the weaker condition 


68)  Wh)= fe =) * Mo 7) F(to) dr = off) 


2 


comes from the fact that in order to carry the integration by parts we 
have to replace K,,(¢) by the monotonic majorant min{ n + 1, wine): 


If we want to prove the analogous result for P(r,t) rather that K,,(¢), 
the condition (3.8’) is sufficient. Thus we obtain: 


Theorem (Fatou). If (3.8’) holds, then 
. Ff a\pldlptito — Ff 
lim DFG et = F (to). 


The condition (3.8’) with f(to) = f(to) is satisfied at every point to 
where f is the derivative of its integral (hence almost everywhere). 


EXERCISES FOR SECTION 3 


1. Let0 < a < 1and let f € £'(T). Assume that at the point to € T, f 
satisfies a Lipschitz condition of order a, that is, |f(to + 7) — f(te)| < K|7|* 
for |r| < m Prove that for a < 1 


lon(f, to) — f(to)| < oat Kn 


while for a = 1 
lon(f, to) = f(to)| < 27K E5 


Hint: Use (3.10) and (3.4) with @ = + 


However, a trigonometric series converging to zero everywhere is identically zero 
(see [13], Chapter 5). 
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If f € Lip, (T), 0 <a < 1, then 


const ||fllLip,7 ° whend <a <1, 


const || f|lLip, logn fora= 1. 


llon(F) — fll < i 
3. Let f € L®(T) and assume | f(n)| < K|n|~'. Prove that for all n and t, 
Sn(f,))| S |[flloo + 2K. 
Hint: 


lil ara ijt 
na We 


Sif) = onl f+ >) 


4. Show that for all n and t, |S7) j=" sin jt| < $r + 1. 
Hint: Consider f(t) = t/2 in [0, 27). 
5. Jackson’s kernel is Jn(t) = ||Kn||-2 Kz (t). Verify 
{Jn} is a positive summability kernel. 
b. For —1 <t <n, Jant) < 2r ntt. 


c. Iff € Lip (T), then ||Jn * f — fllo < const ||flltip nt. Compare this to 
the corresponding estimate for ||Kn * f — f|loo in exercise 2 above. 


4 THE ORDER OF MAGNITUDE OF 
FOURIER COEFFICIENTS 


The only things we know so far about the size of Fourier coefficients 
{f(n)} of a function f € L*(T) is that they are bounded by ||/'||z:, 
(1.4(e)) and that lim),,;.., f(n) = 0 (the Riemann-Lebesgue lemma). 
In this section we discuss the following three questions: 

(a) Can the Riemann-Lebesgue lemma be improved to provide a 
certain rate of vanishing of f(n) as |n| — œ? 

We show that the answer to (a) is negative; f(n) can go to zero 
arbitrarily slowly (see 4.1). 

(b) In view of the negative answer to (a), is it true that any sequence 
{an } which tends to zero as |n| — œ is the sequence of Fourier coeffi- 
cients of some f € L1(T)? 

The answer to (b) is again negative (see 4.2). 

(c) How are properties like boundedhess, continuity, smoothness, 
etc. of a function f reflected by { f(n)}? 

Question (c), in one form or another, is a recurrent topic in har- 
monic analysis. In the second half of this section we show how var- 
ious smoothness conditions affect the size of the Fourier coefficients. 
“Order of magnitude” conditions on the Fourier coefficients are sel- 
dom necessary and sufficient for the function to belong to a given 
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function space. For example, a necessary condition for f € C(T) is 
S*|f(n)?? < 00, a sufficient condition is X| f(n)| < 00; in both cases the 
exponents are best possible. 

The only spaces, defined by conditions of size or smoothness of 
the functions, for which we obtain (in the following section) complete 
characterization, that is, a necessary and sufficient condition expressed 
in terms of order of magnitude, for a sequence {a,,} to be the Fourier 
coefficients of a function in the space, are L?(‘T) and its “derivatives”. 


4.1 Theorem. Let {an Z be an even sequence of nonnegative 


n=O 


numbers tending to zero at infinity. Assume that for n > 0 
(4.1) Qn—-1 + Qn+1 — 2an > 0. 
Then there exists a nonnegative function f € L (T) such that f(n) = an. 


PROOF: We remark first that X`(an — an+1} = a and that the convexity 
condition (4.1) implies that (a, — an+ı} is monotonically decreasing 
with n, hence 

lim nlan — an+1} = 0, 


NSO 
and consequently 
N 
5 n(an—ı + anşı — 2an) = a9 — an — N (an — an+) 


n=l 


converges to ap as N — oo. Put 
(4.2) F(t) = X nlan + anpi — 2an)Kn-1 (t), 
n=l 
where K,, denotes, as usual, the Fejér kernel. Since ||K,,||z: = 1, the 


series (4.2) converges in L! (T) and, all its terms being nonnegative, its 
limit f is nonnegative. Now 


fi) = 5 Nn(an—1 + Angi — 2an)Kn—1() = 
n=1 
-5 — Na, 
= 5 Ndn—1 + an+1 — 2an) =) = Aj 
n=|j|+1 
and the proof is complete. < 


Such as the space of absolutely continuous functions with derivatives in L? (T). 
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4.2 Comparing theorem 4.1 to our next theorem shows the basic dif- 
ference between sine-series (a-n = —a,,) and cosine-series (a-n = ay). 


Theorem. Let f € L'(T) and assume that f(n) = —f(-|n|) > 0. 
Then i 
5 —f(n) < o. 
n 
n>0 


PROOF: Without loss of generality we may assume that f(0) = 0. Write 
F(t)= fo f(r)dr; then F € C(T) and, by theorem 1.6, 


F(n) = tfo), n#£0. 


Since F is continuous, we can apply Fejér’s theorem for tọ = 0 and 
obtain 


| n fn), wy ce 
(4.3) dim 2 -x -) t= i(F(0) — F(0)) = -iF(0), 
and since fn) > 0, the theorem follows. < 


Corollary. [f a, > 0, X an/n = œ, then Y` ansinnt is not a Fourier 
series. Hence there exist trigonometric series with coefficients tending 
to zero which are not Fourier series. 


By Theorem 4.1, the series 


is a Fourier series while, by theorem 4.2, its conjugate series 


CO ` 
sinnt _ i 5 sgn (n) cint 


<4 logn 2log|n| ~ 


|n|>2 
is not. 


4.3 We turn now to some simple results about the order of magni- 
tude of Fourier coefficients of functions satisfying various smoothness 
conditions. 


Theorem. Jf f € L'(T) is absolutely continuous, then f(n) = o(1/n). 
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PROOF: By theorem 1.6 we have f(n) = (1/in) f (n) and (the Riemann- 
Lebesgue lemma) f’(n) — 0. < 


Remark: By repeated application of Theorem 1.6 (i.e., by repeated 
integration by parts) we see that if f is k-times differentiable and f(*—)) 
is absolutely continuous! then 


(4.4) f= o(n*) as |n| = œ. 

4.4 We can obtain a somewhat more precise estimate than the asymp- 
totic (4.4). All that we have to do is notice that if 0 < j < k, then 
f(n) = lini fO (n) and hence 

(4.5) PDS TF na. 

We thus obtain 


Theorem. /f f is k-times differentiable, and f‘*~") is absolutely con- 
tinuous, then 


If fis infinitely differentiable, then 
aes 


|f(n)| < min mi 
4.5 Theorem. /ff is of bounded variation on T, then 


Fols AD. 


PROOF: We integrate by parts using Stieltjes integrals 


fol [eoa [eo sO 


njn] | 
4.6 For f € C(T) we denote by w( f, h) the modulus of continuity of 


f, that 1s, . 

w( fh) = supjyjcallf(t y) — FOl. 
For f € L1(T) we denote by Q(f, h) the integral modulus of continuity 
of f, that is, 


(4.6) Of, A) = [FE +h) — FOl. 
We clearly have Q(f, h) < w( f, h). 


tSo that f € L1(T) and f9 is its primitive, 
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Theorem. Forn #0, |f(n)| < sOC(f, inp 


PROOF: f(n) = + f fOe tdt = = f fe dt; by a change 
of variable, 


fn) = f (Ale 5) — pee), 


hence 


Corollary. /f f € Lip,(T), then f(n) = O(n-*%). 


4.7 Theorem. Let 1 < p < 2 and let q be the conjugate exponent, i.e., 
q = z Pf € PUT) then Si f (n)|1 < o. 


The case p = 2 will be proved in the following section. The case 
1 < p < 2 will be proved in chapter IV. 


Remark: Theorem 4.7 cannot be extended to p > 2. Thus, if f € £°(T) 
with p > 2, then f € L?(T) and consequently Y| f(n)|? < oo. This 
is all that we can assert even for continuous functions. There exist 
continuous functions f such that $7|f(n)|?~* = œ for all ¢ > 0, see 
IV.2. In fact, given any {cn} € Æ, there exists a continuous function f 
such that | f(n)| > |cn|, see Appendix B.2.1. 


EXERCISES FOR SECTION 4 


I. Given a sequence {wn } of positive numbers such that wn — 0 as |n| — œœ, 
show that there exists a sequence {an } satisfying the conditions of theorem 4.1 
and 


An > Wn for all n. 


2. Show that if Elfa < œ, then f is l-times continuously differen- 
tiable. Hence, if f(n) = O {|n|~*) where k > 2, and if 


k—2  kinteger 
[k]—1 otherwise 


then f is l-times continuously differentiable. 
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Remarks: Properly speaking the elements of L' (T) are equivalence classes of 
functions any two of which differ only on a set of measure zero. Saying that 
a function f € L'(T) is continuous or differentiable etc. is a convenient and 
innocuous abuse of language with obvious meaning. 

Exercise 2 is all that we can state as a converse to theorem 4.4 if we look 
for continuous derivatives. It can be improved if we allow square summable 
derivatives (see exercise 5.5). 


3. A function f is analytic on T if in a neighborhood of every to € T, f(#) 
can be represented by a power series (of the form ear an(t — to)” ). Show 
that f is analytic if, and only if, f is infinitely differentiable on T and there 
exists a number R such that 


sup, |f@ (t)| <n! R, n>. 


4. Show that f is analytic on T if, and only if, there exist constants K > 0 
and a > 0 such that |f(j)| < Ke7*!!, Hence show that f is analytic on T if, 
and only if, $` f(j)e4* converges for |S(z)| < a for some a > 0. 

5. Let f be analytic on T and let g(e“) = f(t). What is the relation between 
the Laurent expansion of g about 0 (which converges in an annulus containing 
the circle |z| = 1) and the Fourier series of f? 

6. Let f be infinitely differentiable on T and assume that for some a > 0, 
and all n > 0, sup,| f° (t)| < Kn”. Show that 


fD)| < Ke-21). 


7. Assume | Î(j)| < K exp(—|j|'/“) . Show that f is infinitely differentiable 
and 
FOO] < Kre” n?” 


for some constants a and Kı. 

Hint: |f™(8)| < 2K Yj” exp(—y|'/*). Compare this last sum to the integral 

fJ x” exp(—a!/)da and change the variable of integration putting y = x'/°. 
8. Prove that if0 < a < 1, then f(t) = EZ S3% belongs to Lip, (T); 

hence corollary 4.6 cannot be improved. 


9. Show that the series \°~ , 72.5" converges for all ¢ € T. 


5 FOURIER SERIES OF SQUARE SUMMABLE FUNCTIONS 


In some respects the greatest success in representing functions by 
means of their Fourier series happens for square summable functions. 
The reason is that L?(T) is a Hilbert space, its inner product being de- 
fined by 


6.1) ha) = z f FOIA, 
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and in this Hilbert space the exponentials form a complete orthogonal 
system. We start this section with a brief review of the basic prop- 
erties of orthonormal and complete systems in abstract Hilbert space 
and conclude with the corresponding statements about Fourier series in 
L (T). 

5.1 Let H be a complex Hilbert space. Let f,g € H. We say that f 
is orthogonal to g if (f, g) = 0. This relation is clearly symmetric. If E 
is a subset of H we say that f € H is orthogonal to E if f is orthogonal 
to every element of E. A set E C H is orthogonal if any two vectors in 
E are orthogonal to each other. A set E C H is an orthonormal system 


if it is orthogonal and the norm of each vector in E is one, that is, if, 
whenever f,g € E, (f,g) =0if f 4g and (f, f) =1. 


Lemma. Let {,,}\_, be a finite orthonormal system. Let a,,...,an 


be complex numbers. Then 


N N 
do enien|| = X lanl. 
1 1 


PROOF: 


N N N N N 
DS an Pn | = OS Gn Pn 5 Ann) = 5 On (Pn, 5 OmPm) 
1 1 1 1 1 
= So anan = X lan!” <4 


Corollary. Let {gn} be an orthonormal system in H and let {an} 
be a sequence of complex numbers such that Y`jan|? < œ. Then 
Sr On Pn converges in H. 


PROOF: Since H is complete, all that we have to show is that the partial 
sums Sy = yy ann form a Cauchy sequence in H. Now, for N > M, 


N N 
Sin = Sull? = | 5 an Pn || = 5 lanl? >0 as M >œ. 
M+1 M+1 < 


5.2 Lemma. Let H be a Hilbert space. Let {pn} be a finite orthonor- 
mal system in H. For f € H write an = (f, en). Then 


N N 
(5.2) 0 < |f- X angal? = Al? — Y lant. 
1 1 
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PROOF: 


N > N N 
E E 5 an Pn | = (f _ 5 an Pny f _ 5 anPn) = 
1 1 1 


, N N N N 
= Ir? = So an(f, Yn) = N an (Ons f) + Xan}? = IZI? = X janl? ` 
1 1 1 1 


< 


Corollary (Bessel’s inequality). Let H be a Hilbert space and {fpa} 
an orthonormal system in H. For f € H write ax = (f, £a) Then 


(5.3) X laal? < IFI. 


The family {pa} in the statement of Bessel’s inequality need not be 
finite nor even countable. The inequality (5.3) is equivalent to saying 
that for every finite subset of {pa} we have (5.2). In particular a, = 0 
except for countably many values of a and the series Y` |aa|? converges. 

If H = L?(T) all orthonormal systems in H are finite or countable 
(cf. exercise 2 at the end of this section) and we write them as sequences 


{Yn }- 


5.3 DEFINITION: <A complete orthonormal system in H is an or- 
thonormal system having the additional property that the only vector in 
H orthogonal to it is the zero vector. 


Lemma. Let {pn} be an orthonormal system in H. Then the following 
statements are equivalent: 


(a) {pn} is complete. 
(b) For every f € H we have 


(5.4) IAP = Sol 2n) P. 
(c) f = SU, Pa)Pn- 


PROOF: The equivalence of (b) and (c) follows immediately from (5.2). 
If f is orthogonal to {pn} and if (5.4) is valid, then || f\|? = 0, hence 
f = 0. Thus (b) = (a). We complete the proof by showing (a) > (c). 
From Bessel’s inequality and corollary 5.1 it follows that X` (f, gn)yn 
converges in H. If we denote g = (f, en) yn we have (g, yn) = (F, Pn) 
or, equivalently, g — f is orthogonal to {pn}. Thus if {pn} is complete 


f=g. < 
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5.4 Lemma (Parseval). Let {y,,} be a complete orthonormal system 
in H. Let f,g € H. Then 


(5.5) =>. F, Pn) (Pn9 


PROOF: If f is a finite linear combination of {pù }, (5.5) is obvious. In 
the general case 


N N 
im (È Í, Pn) Yn sg) = )= Jim Sof Pn) Ons 9) - 
n=1 n=l < 
5.5 For H = L?(T) the exponentials {e+} _ Ţ~ form a complete 


orthonormal system. The orthonormality is evident: 
(er em) — i eiln—m)t gy =ő 
2 ,€ on 2 n,m + 


The completeness is somewhat less evident; it follows from Theorem 
2.7 since 


em) = 5 f POET = fn). 


The general results about complete orthonormal systems in Hilbert space 
now yield 


Theorem. Let f € L?(T). Then 


(a) EIP = 5. [OPa 


N 


(b) f= Jim » f(nje™ in the L?(T) norm. 


(c) For any square summable sequence {an}nez of complex numbers, 

that is such that Y`|an|? < co, there exists a unique f € L?(T) such that 
= f(n). 

(d) Let f,g € L°(T). Then 


zji f(t)g(pdt = > fn) 


n=- 
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We denote by £ the space of all square summable sequences {an}, 
(that is, such that S*ja,|? < oo). With pointwise addition and scalar 


multiplication, and with the norm (£ lan)? and the inner product 
Hant, {on}) = O° anbn, Ë is a Hilbert space. Theorem 5.5 amounts 


to the statement that the correspondence f +> {f(n)} is an isometry 
between L?(T) and £. 


EXERCISES FOR SECTION 5 


1. Let {yn} be an orthogonal system in a Hilbert space H. Let f € H. 


Show that 
N 
min f Qj Pj 
is attained at the point a; = (f,~;), 7 =1,...,N, and only there. 


2. A Hilbert space H is separable if it contains a dense countable subset. 
Show that an orthonormal system in a separable Hilbert space is either finite or 
countable. 

Hint: The distance between two orthogonal vectors of norm 1 is V2. 

3. Prove that an orthonormal system {y,} in H is complete if, and only if, 
the set of finite linear combinations of {pn } is dense in H. 

4. Let f be absolutely continuous on T and assume f’ € L?(T); prove that 


NOIRI < Ifl + 


25 en? flle- 
1 


Hint: |f(0)| < ||fllz:, and So|\nf(n)/? = || f"\[22; apply the Cauchy-Schwarz 
inequality to the last identity, 

5. Assume f € Li(T) and f(n) = O(|n|~”). Show that f is m-times 
differentiable with f°” € L?(T) provided k—m > 4. 


6 ABSOLUTELY CONVERGENT FOURIER SERIES 


We shall study absolutely convergent Fourier series in some detail 
later on: here we mention only some elementary facts. 


6.1 We denote by A(T) the space of (continuous) functions on T hav- 
ing an absolutely convergent Fourier series, that is, the functions f for 
which Y% | f(n)| < œ. The mapping f > {f(n)}nez of A(T) into ¢! 
(the Banach space of absolutely convergent sequences) is clearly lin- 


ear and one-to-one. If 57° an| < co the series SY anc’”* converges 
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uniformly on T and, denoting its sum by g, we have a = g(n). It fol- 
lows that the mapping above is an isomorphism of A(T) onto 4#. We 
introduce a norm to A(T) by 


(6.1) IIfllacy = X Ifl. 


With this norm A(T) is a Banach space isometric to £'; we now claim 
it is an algebra. 


Lemma. Assume that f,g € A(T). Then fg € A(T) and 
lfglla@ <llfllac glam - 
PROOF: We have f(t) = St f(n)ei™, g(t) = Y ĝ(n)e”t and since 


both series converge absolutely: 


F(Bg(t) = S32 Se flamer". 


k m 


Collecting the terms for which k + m = n we obtain 


FOO =E F Fan — be’ 
n k 


so that fg(n) =>, f(k)a(n — k); hence 


S Fal < I  a|an— WH) = PHIM). g 


6.2 Not every continuous function on T has an absolutely convergent 
Fourier series, and those that have cannot! be characterized by smooth- 
ness conditions (see exercise 5 of this section). Some smoothness con- 
ditions are sufficient, however, to imply the absolute convergence of 
the Fourier series. 


Theorem. Let f be absolutely continuous on T and f' € L?(T). Then 
f € A(T) and 


(6.2) Ilaw < le + 235 aPN ye: 
1 


PROOF: This is exercise 4 of the previous section and the hint given 
there is essentially the whole proof. « 


TSee, however, exercise 7.8. 
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x6.3 We refer to exercise 2.2 for the definitions of Lip, (T) and of its 
norm. 


Theorem (Bernstein). Iff € Lip,(T) for some a > %, then f € A(T) 
and 


(6.3) | flac) < Call flip, 


where the constant ca depends only on a. 


PROOF: 
FE- h) -fO ~ Soe — fle. 
if take h = 27 /(3-2™) and 2™ < n < 2™+1 we have |e7*”" — 1| > 


and consequently 


dE FCP s Sole = PLA) P = lfa- File 


(6.4) eenn 


a 


lA 


20 


o 2a oe 
< llf- fll < (som) IF Lipo - 


Noticing that the sum on the left of (6.4) consists of at most 2™+! terms, 
we obtain by the Cauchy-Schwarz inequality 


z of 2T \& 
. < g(mtl)/2 o. 
(6.5) Do fly < 209? (E) flipa 
am<ncgmti 
Since a > 4, we can sum the inequalities (6.5) for m = 0,1,..., and 
remembering that | f(0)| < IF llLip, we obtain (6.3). < 


Bernstein’s theorem is sharp; there exist functions in Lip1 (T) whose 
Fourier series does not converge absolutely. A classical example is the 
pin logn 


Hardy-Littlewood series Xp ; ———e’ (see [28], Vol. 1, p. 197). 
Another example is given in exercise 6.6. 


x6.4 The Lipschitz condition in Theorem 6.3 can be relaxed if f is of 
bounded variation. 


Theorem (Zygmund). Let f be of bounded variation on T and as- 
sume f € Lip„(T) for some a > 0. Then f € A(T). 


We refer to [28], Vol. 1, p. 241, for the proof. 
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*6.5 Remark: There is a change of scene in this section compared 
with the rest of the chapter. We no longer talk about functions summable 
on T and their Fourier series—we discuss functions summable on Z (i.e., 
absolutely convergent sequences) and their "Fourier transforms" which 
happen to be continuous functions on T. Lemma 6.1, for instance, is 
completely analogous to theorem 1.7 with the roles of T and Z reversed. 


EXERCISES FOR SECTION 6 


1. Forn = 1,2,... let fa € A(T) and || fallan < 1. Assume that fn 
converge to f uniformly on T. Show that f € A(T) and || f| < 1. 

2. Show that the conditions in exercise 1 do not imply lim|| f — fn|lagn = 0; 
however, if we add the assumption that || f|| acn) = limn—ol| fnll ac then we do 
have |f — fallacy — 0. 

3. For0 < a < ~r define 


At) = l1-—a`™tjt| for |t| <a 
“ 0 fora < |t| < r 


Show that Aa € A(T) and ||Aa|laqy = 1. 
Hint: Aa(n) > 0 for all n. 

4. Let f € C(T) be even on (—7, 7), decreasing on [0, 7] and convex there 
(i.e., F(t+2h) + f(t) >2f(t+h)for0 <t <t+2h < r). Show that f € A(T) 
and, if f > 0, |[fllawy = f(0). 

Hint: f can be approximated uniformly by positive combinations of Aa. Com- 
pare with theorem 4.1. 

5. Let y be a "modulus of continuity," that is, an increasing concave func- 
tion on [0,1] with (0) = 0. Show that if the sequence of integers {An} in- 
creases fast enough and if f(t) = X n™°’et™t, then w(f,h) 4 O(y(h)) as 
h — 0. w( f, h) is the modulus of continuity of f (defined in 4.6). 

6. (Rudin, Shapiro.) We define the trigonometric polynomials Pm and Qm 
inductively as follows: Po = Qo = 1 and 


Png (t) = Pin (t) + e° 'tQm (8) 
Qm+i(t) = Pm (t) — E7 *tQm(t). 
(a) Show that 
[Pri (H? + Qm (O? = 2(|Pin()[? + Qm) 
| Pr (DP + [Qm H? = 27" 


hence 


and Puller) < glmt1)/2- 


(b) For |n| < 2™, Pm4i(n) = Ên (N), hence there exists a sequence {én} 
such that en is either 1 or -1 and such that Pn(t) = Y? 1 enet. 


0 en 
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(c) Write fm = Pm — Prot = e?” Qm- and f = 32°27" fm. Show 
that f € Lip: (T) and f ¢ A(T). 
Hint: For 2-* < h < 2!~* write, >% 

Keth =f) = (DY) nE h) = fal). 
1 k+1 

By part (a) the sum $7," , is bounded by 2577", 272/2 < 5h3, Using part 
(a), exercise 2.12, and the fact that fm is a trigonometric polyomial of degree 
2™ — 1, one obtains a similar estimate for > . 

7. Let f, g € L? (T). Show that f * g € A(T). 


7 FOURIER COEFFICIENTS OF LINEAR FUNCTIONALS 


We consider a homogeneous Banach space B on T and assume, for 
simplicity, that e”! € B for all n. As usual, we denote by B* the dual 
space of B. 


7.1 The Fourier coefficients of a functional u € B* are, by definition: 
(7.1) An) = (e,n), ne; 


and we call the trigonometric series 
Sip] ~ XO Alnet 


the Fourier series? of u. Clearly 
IRIS lella lle |B - 


The notation (7.1) is consistent with our definition of Fourier coeffi- 
cients in case that y is identified naturally with a summable function. 
For instance, if B = L?(T), 1 < p< oo, B* is canonically identified 
with L9(T) where q = p/(p— 1). To the function g € L4(T) corresponds 
the linear functional 


fro(ha)= 5. | Moola, ferm 


and Toint ay 1 int a lA 1 —int 
(em g) = pm [ea — = fe i  g(t)dt 


thus ĝ(n) defined in (7.1) for the functional g coincides with the nth 
Fourier coefficient of the function g. 


‘We keep, however, the convention of 1.3 that a Fourier series, without complements, 
is a Fourier series of a summable function. 
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Theorem (Parseval’s formula). Let f € B, u € B*; then 


N 
(7.2) (fu) = Jim S30 = Te 1 
-N 


) Fyn. 


PROOF: (a) For polynomials P(t) = yy P(n)e'™* we clearly have 
(P, n) = Ty PA). 

(b) Since, by theorem 2.11, f = limytoon(f) in the B norm, it 
follows from (a) and the continuity of u that 


N 


(u) = lim(ow(f), n) = lim SO (1- 


In| 
N+1 


JAA). 


Remark: The fact that the limit in (7.2) exists is an implicit part of 
the theorem. Tt is equivalent to the C-1 summability? of the series 
S* f(n)Aln). If this last series converges then clearly 


(7.3) (fm) = do AA) 


We shall sometimes refer to (7.3) as Parseval’s formula, keeping in 
mind that if the series on the right does not converge then (7.3) is simply 
an abbreviation for (7.2). 


Corollary (Uniqueness theorem). If (n) = 0 for all n, then u = 0. 


7.2 We shall write y ~ © fA(nje’™, and may write p = >> fi(njei™* 
if the series converges in some sense (which should be clear from the 
context). This is an abuse of language which, if used with caution, 
presents no risk of misunderstanding and obviates tedious repetitions. 

In accordance with our abuse of language we define, for 4 € B*, the 
elements Sn (u) and on(u) of B* by 


Sn (ue) = 5 Ale 


=n 


(7.4) : | 
ral) =So(1~ 25 )atare™ 


tCesaro of order 1 
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We shall also write 


Snl D =X Ae 
(7.5) 7 


Th 


atd =D (1 EL aye 


n+1 


—n 


The correspondence between the functionals (7.4) and the functions 
(7.5) is clearly 


(SD) = z | FOS = > AAT) 


for all f € B; similarly for on(u}. 

The mapping Sn : f > S,(f) on B is clearly a bounded linear 
operator, and so is S, : + Sanlu) on B*. It follows from Parseval’s 
formula that S„ on B* is the adjoint of S„ on B and consequently has 
the same norm. Similarly, op : u — on(u) on B* is the adjoint of 
On : f = onl f) on B and consequently? onl? = 1. 

We remark that by Parseval’s formula, for every u € B*, on(p) 
converges weak-star to u. 


7.3 Parseval’s formula enables us to characterize sequences of Fourier 
coefficients of linear functionals. 


Theorem. Let B be a homogeneous Banach space on T. Assume that 
e”! € B for all n. Let {a,}%_. be a sequence of complex numbers. 
Then the following two conditions are equivalent: 

(a) There exists 1 € B*, ||p|| < C, such that fi(n) = an for all n. 


(b) For all trigonometric polynomials P 


So P(n\an| < CllP\ |e. 


PROOF: The implication (a) = (b) follows immediately from Parse- 
val’s formula. If we assume (b) then 


(7.6) POS? P(njan 

is a linear functional on the space of all trigonometric polynomials, 
bounded in the B norm, and therefore (theorem 2.12) admits a unique 
extension u of norm < C to B. Since u extends (7.6) we have 


fir) = (e, u) = an. < 


* 
Sllonl||2” denotes the norm of on as operator on B*. 
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Corollary. A trigonometric series S ~ Y` ape™ is the Fourier series 
of some u € B*, |ul| < C, if and only if, \|lon(S)|| < C for all N. 
Here on(S) denotes the element in B* the Fourier series of which is 


EN = Jil + Daze 


PROOF: The necessity follows from 7.2; the sufficiency from the cur- 
rent theorem and the observation that for trigonometric polynomials P 


X Pina = lim (P,øn(9)). 


< 


7.4 Inthe case B = C(T) the dual space B* is identified with the 
space M(T) of all (Borel) measures on T (we set (f, u) = f fdu) We 
shall refer to Fourier coefficients of measures as Fourier-Stieltjes co- 
efficients and to Fourier series of measures as Fourier-Stieltjes series. 
The mapping f +> (1/27) f(t)dt is an isometric embedding of L!(T) 
in M(T). The Fourier coefficients of (1/27) f(t)dt are precisely f(n), 
hence a Fourier series is a Fourier-Stieltjes series. 

An example of a measure that is not obtained as (1/27) f ()dt is the 
so-called Dirac measure; it is the measure 6 of mass one concentrated 
att = 0. 6 can also be defined by (f, ô) = f(0) for all f € C(T). We 
denote by 6,, T € T, the unit mass concentrated at r. Thus 6 = dy and 
(f,6-) = f(r) for all r € T. From (7.1) it follows that 6,(n) = e7'”7 
and in particular (mn) = 1. This shows that Fourier-Stieltjes coefficients 
need not tend to zero at infinity (however, by 7.1, |f(n)| < lellu) 


7.5 We recall that a measure p is positive if u(/) > 0 for every mea- 
surable set E, or equivalently, if f fdu > 0 whenever f € C(T) is non- 
negative. If u is absolutely continuous, that is, if u = (1/27) 9(t)dt with 
g € L'(T), then p is positive if and only if g(t) > 0 almost everywhere. 
Lemma. 4 series S ~ Y` ape”? is the Fourier-Stieltjes series of a 
positive measure if, and only if, for all n and t € T, 


n 


an(s, t) = XO- |j|/(n + 1))aje™™ > 0. 
PROOF: If S = S(y) for a positive u € M(T) and if f € C(T) is non- 
negative, we have 


z | MalS Hae = (1 - I) FAG) = onl Adu > 0 


n 
v 
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since u > 0 and, by 3.1, on(f,t) > 0. Since this is true for arbitrary 
nonnegative f, on(S,t) > 0 on T. Assuming o,,(.5,¢) > 0 we obtain 


lr 
lon Slum = p J On(S, thdt = ao 


and, by Corollary 7.3, S = S(u) for some u € M(T). For arbitrary 
nonnegative f € C(T), f fdu = lim,io(l/2n f f(t)on(S,t)dt > 0 and 
it follows that u is a positive measure. < 


Remark: The condition “on (S, t} > 0 for all n” can clearly be replaced 
by “on( S, t) > 0 for infinitely many n’s”. 

7.6 We are now able to characterize Fourier-Stieltjes coefficients of 
positive measures as positive definite sequences. 


DEFINITION: A numerical sequence {an }nez is positive definite if for 
any sequence {zn} having only a finite number of terms different from 
zero we have 


(7.7) So an—m2nZm > 0. 


nym 


Theorem (Herglotz). A numerical sequence {an }nez is positive def- 
inite if, and only if, there exists a positive measure u € M(T) such that 
an = ji(n) for all n. 


PROOF: Assume a, = A(n) with positive u. Then 


> — —int imt > — —int 
(7.8) > aün-mŽnŽm = > fe e Zn Zm = IÈ Zne 
. * n 


nem nem 


2 
du > 0. 


If, on the other hand, we assume that {an } is positive definite, we write 
S ~ Y` anct™ and, for arbitrary N and t € T we choose 


et In| <N 
Zn = 
0 n| > N 


_ it . 
We have nam Qn—minim = >; C; naje where C; y is the number 


of ways to write 7 in the form n — m where |n| < N and |m| < N, that 
is, Cj,~ = max(0,2N + 1 — |j|). It follows that 


1 y 
aan(S,t) = 2N41 X Cj najet >0 
J 


and the theorem follows from 7.5. < 
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7.7 If{a,,} is positive definite, then 
(7.9) lanl] < ao, 


and the sequence {(a, — ma 1Fdntl yy is positive definite. This can be 
seen directly by checking condition (7.7), or deduced from Herglotz’ 
theorem and the observations that if x is the positive measure such that 
an = fi(n), then ag = (0) = |u], v = (1 — cost) is nonnegative, and 
O(n) = an — Gna Panth | 
Also, since an = €n, we have ao — Ra, = ao — Satar = p(0). 
Combining all this, we obtain 


Lemma. /f {a,,} is positive definite, then 


(7.10) (an = S=) < ao = Ran. 


Positive definite functions can be defined over any abelian group by 
the same inequality (7.7). In Chapter VI we shall see that the preceding 
lemma implies in particular that positive definite functions on R that 
are continuous at 0 are in fact uniformly continuous. 


7.8 The Spectral Theorem. Positive definite sequences arise nat- 
urally in the context of unitary operators on a Hilbert space. Let H 
be a Hilbert space, U a unitary operator on H, and f € H; write 
a, = (U-"f, f). The sequence {a,,} is positive definite since for any 
finite sequence {z, } we have 


5 an=mZnčm = N (n US, ZmU f) 


UZLU NM 
-n 
> nU "f 
m 


The positive measure js = uf € M (T) for which A(n) = an is called the 
spectral measure of f. Comparing (7.8) and (7.11), one realizes that 
the correspondence 


(7.11) 


2 
| > 0. 
H 


(7.12) H> U"f et © 17 (uf) 


extends to an isometry of the closed span Hy of {U"f} in H onto 
L? (uf), which conjugates U to the operator of multiplication by e” on 
L(y). This is in essence" the spectral theorem for unitary operators 
on a Hilbert space. 


‘What we omit here is the analysis of the multiplicity of U on H. 
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Corollary (The Ergodic Theorem). Let H be a Hilbert space and 
U a unitary operator on H. Denote by Hins the subspace of U -invariant 
vectors in H, and by Piny the orthogonal projection of H on Hiny. Then 


1 N-1 
lim 5 2 U) = Pry, 


the limit in the strong operator topology. 


PROOF: The claim is that for every f € H, lim + yo US f = Pinu f in 
norm. By the spectral theorem, we may assume that U is multiplication 


by e*t on L’ (uf), and so + yt U? is just multiplication by 


1 N-1 eNt_]1 
t) => it o l. 
ypn(t) nde N(e* —1) 


The elements of L? (up) which are invariant under multiplication by 
e” are just the multiples of 119; (the indicator function of {0}), and 
Pin, in this context is multiplication by Io}. As ||y~yv||.. = 1 and yy 
converge pointwise to Irp;, we have lim yyw = (0) fo; in norm for 
any y € L(y), and in particular for the constant 1, the image of f 
under the “spectral” isometry. < 


7.9 An important property of Fourier-Stieltjes coeffcients is that of 
being "universal multipliers." More precisely: 


Theorem. Let B be a homogeneous Banach space on T and u € M (T). 
There exists a unique linear operator p on B having the following prop- 
erties: 


i) lle < [julla 

(ii) pf) = A(n)f(n) for all f € B. 

PROOF: If an operator p satisfies (ii), then for f = Y” y f(n)e™! we 
have uf = DDAN Aln) f (nei, that is, u is completely determined on 
the polynomials in B. If p is bounded it is completely determined. In 
order to show the existence of p it is suffcient to show that if we define 


(7.13) nI=X Afe 


for all polynomials f then 


(7.14) lefi < lelu fll, 
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since yt would then have a unique extension of norm < ||ju|| ,¢c7) to all 
of B. If u = (1/2r)g(t)dt with g € C(T), it is clear that uf, as defined 
in (7.13), is simply g * f which we can write as a B-valued integral (see 
2.4) 


. . 1 f . 
(7.15) wi =o+f=5- | olrifear 
T 
and deduce the estimate 


1 
lef lle < flle zz fiar = llellucnllfile - 


For arbitrary u € M(T), on(u) has the form (1/27)g,(t)dt, where 
mO = 0", — l/a +1) eae"! and 


o, 
zy JD = honle < lalaro 


By our previous remark ||gn * flle < lella lilla. Since f is a trigono- 
metric polynomial, we clearly have uf = limp. gn * f and (7.14) 
follows. < 


Corollary. Let f € Bandu € M(T). Then {fi(n) f(n)} is the sequence 
of Fourier coefficients of some function in B. 


In view of (7.15) we shall write u « f instead of uf, and refer to it as 
the convolution of u and f. With this notation, our earlier condition (ii) 
becomes a (formal) extension of (1.10). 


7.10 Foru € M(T) we define 4# € M(T) by 


(7.16) u* (E) = w(-E) 


for every Borel set E (recall that -E = {t: — t € F}), or equivalently, 
by 


(7.17) [toa = | rya 
for all f € C(T). It follows from (7.17) that 


(7.18) p(n) = fn). 
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7.11 By Parseval’s formula, the adjoint of yz is the operator which 
assigns to every v € B* the element of B* whose Fourier series is given 
by So fi(n)o(nje™ = I už (njin. We extend the notation of 7.7, 
write this element of B* as u* x v, and refer to it as the convolution of 


pw and v. We summarize: 


Theorem. Let B be a homogeneous Banach space on T and B* its 
dual. Let u € M(T), v € B*; then Y fi(n)i(n)e™ is the Fourier series 
of an element u*v € B*. Moreover ||u *v\|B~ < ||| aca) ||¥|| Be - 


The norm estimate follows from (7.14) and the facts that the norm 
of the adjoint of an operator is equal to the norm of the operator, and 
le Ley = lell) - l 

It follows, in particular, that if p, v € M(T), then X fi(n)(n)e*™ is 
the Fourier-Stieltjes series of the measure u * v. 


7.12 We have introduced the convolution of u,v € M(T) by its 
Fourier-Stieltjes series. It can, of course, be done directly. With u 
and v given, and for f € C(T), the double integral 


eA) = ff Fle anea) 


is well defined, is clearly linear in f, and satisfies 


KALS lela lle ll avery. 


By the Riesz representation theorem, which identifies 4/(T) as the dual 
of C(T), there exists a measure \ € M(T) such that I( f) = f f(t)dA. 
Taking f(t) = e7*"' we obtain A(n) = (n(n), that is, A = p xv. In 
other words 


(7.19) J fd(uxvy= || f(t+r)du(t)dv(r). 
Taking a (bounded) sequence of functions f which converge to the in- 


dicator function of an arbitrary closed set E, we see that (7.19) is equiv- 
alent to (denoting E — 7 = {t:t+7 € E}) 


(7.20) (uxv)(E) = jue —7)dv(r). 


By regularity, (7.20) holds for every Borel set Æ. 
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7.13 We recall that a measure u € M(T) is discrete if u = $7 a;0,, 
where af are complex numbers; we then have ||j4||,¢¢r) = Do\a;|. A 
measure u is continuous if u(t) = 0 for every t € T ({t} is the set 
whose only member is the point ¢). Equivalently is continuous if 
lim, 0 dul = 0 for all t € T. Every u € M(T) can be uniquely 
decomposed to a sum 4 = He + Ha Where pe is continuous and pa is 
discrete. 

It is clear from (7.20) that if u is a continuous measure then, for 
every v € M(T), u*v is continuous. Also, since 6(7)} «d(r') = 6(7 +7), 
if u = >2a;d,,, and v = D bkn then u*v = ik Qjbkðr +r- If 
L = ke + Ha is the decomposition of u into continuous and discrete 
parts, then 4# the continuous part of * and y* is its discrete part. 
Thus 

p* pË = (ue pË + po * uÝ + pax WE) + patu% , 


the sum of the first three terms is continuous and the last term is dis- 
crete. If pg = } a;6,, then un = > 4a,;6_,, and consequently the mass 
at r = 0 of the measure ju * u” is S>|a;|?. We have proved: 


Lemma. Let u € M(T). Then Yurt}? = (u * w*)({O}). In 
particular: u is continuous if, and only if, 


(ux pw )({O}) = 0. 


The discrete part of a measure u can be “recovered” from its Fourier- 
Stieltjes series. 


Theorem. Letu € M(T), 7 €T. Then 


inT 


1 N 
aTh = Jim NGL ` f(nje 
-N 


PROOF: The functions yx (t) = syp PN(t-T) = seq Sipe T ei 
are bounded by 1 and tend to zero uniformly outside any neighborhood 


oft = T. Remembering that 
THÙ 
jim ld(u — u({7})ô-)| = 0 
> To 


we obtain 


(7.21) Jim (ynu = eTo) = 0 
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Now 
N 
(en, — HAT }) b+) =a i df Ane — u({r}) 
and the theorem follows from (7.21). < 


Corollary (Wiener). Let u € M(T). Then 


(7.22) Dld)? = lim meat Dl (n)|. 


In particular: u is continuous if, and only if, 


N 
1 
. lim z J Aln)? = 
(7-23) Nooo 2N+1 2 |An) 


Remarks: a. The averaging that appears in the Theorem and in the 
corollary need not be on intervals symmetric with respect to 0. If {M;} 
is an arbitrary sequence of integers, and N; — oo, then for all 7 € T 


jo MEN 
(7.24) wry) = fim yD mye 


M; 


The proof as above, with yy replaced by ®; = Nat = Du ve int, 


b. The exponent 2 in (7.22) is essential, in (7.23) it can be re- 
placed by any positive number. What the condition really says is that 
ji(n) tends to zero in density, that is: given £ > 0, the proportion in all 
sufficiently large intervals, of the integers n such that |fi(n)| > £, is ar- 
bitrarily small. In particular, for every £ > 0 and positive N there exist 
in any sufficiently large interval on Z, intervals of length N, on which 
fi] < €. 


EXERCISES FOR SECTION 7 


1. Let B be homogeneous on T and B* its dual. Show that S ~ Y` ane’ 
is the Fourier series of some u € B* if and only if ||on(S)|| is bounded as 
N> oœ. 

2. Denote Kn,-(t) = Kn (t — 7). Show that for every u € M(T) 


on (u, T) = (Kuz, n) . 
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Deduce that on(u, T) > 0 if p is positive. 

3. Show that a trigonometric series $` ane’”* such that are ane > 0 
for all N and t € T is a Fourier-Stieltjes series of a positive measure. 

4. We shall prove later (see IV.2.1) that if f € L” (T) with 1 < p < 2, then 


lle = (Sloe) < llew (a=) 


Assuming this, show that if {an} € € is a numerical sequence then there exists 


a function g € L?(T) such that ĝ(n) = an, and ||gl|zecn < |[{an} ler . 


5. The elements of the dual space of C™(T) are called distributions of 
order m on T. We denote by D™(T) = (C™(T))* the space of distributions of 


order m on T. Since C”+!(T) c C'™(T) we have D” (T) c D”T1(T). Write 
D(T) =UmD™(T). 
(a) Prove that if u € D™ then 


[f(n)| < const |n|” nO. 


(b) Given a numerical sequence {a"} satisfying an = O(|n|™), there exists a 


distribution u € D™*" such that an = A(n) for all n. 
Hint: If f € C™+1(T) then Yn” f(n)| < œ. 

Thus a trigonometric series X` aņne*”* is the Fourier series of a distribution 
on T if and only if, for some m, an = O (|n|) n #0. 


Let u € D and let O be an open subset of T. We say that u vanishes on O 
if (p, u} = 0 for all y € C™ (T) such that the support of y (i.e., the closure 


of the set {t: y(t) # 0}) is contained in O. 


(c) Prove that if u vanishes on the open sets O; and O2, then it vanishes on 


O1U O2. 


Hint: Show that if the support of ¢ € C™ (T) is contained in O1 U O2 
then there exist yi, yo € C™ (T), with supports contained in O1, O2 re- 


spectively, such that y = y1 + yo. 


(d) Extend the result of (c) to any finite union of open sets; hence, using the 
compactness of the support of the test functions y, show that if p vanishes 
in the open sets Oa, œ running over some index set J, then p vanishess on 


Unser Oa. 


Thus the union of all the open subsets of T on which u vanishes is again 


such a set. This is clearly the largest open set on which u vanishes. 


DEFINITION: The support of u is the complement in T of the largest open 


set O C T on which p vanishes. 


(e) Show that if p € D” and if f € C™(T) vanishes on a neighborhood of 
the support of u, then (f, 4) = 0. The same conclusion holds if for some 
homogeneous Banach space B, the distribution u belongs to B* and f € B 


(see exercise 2.11). 
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(£) We define the derivative j:’ of a distribution u € D” b 
y 


(fu) = (Fn) for f e CH (T). 
Show that x’ € D”T! and p(n) = in p(n). 
(g) Show that support(,c’) C support(je). 


(h) Show that the map z+ u’ maps D™ onto the subspace of D”! consisting 
ofall u € D”+! satisfying A(0) = 0. 
Hence, every u € D” can be written in the form A(O)dt + pı where ji is 
the mth derivative of a measure. 


(i) A distribution x on T is positive if (f, 4) > 0 for every nonnegative test 
function f € C™(T). Show that a positive distribution is a measure. 
Hint: Positivity implies, for real-valued f, (f, uw) < max f(t)(1, 2). 


6. The dual space of A(T) is commonly denoted by PM(T) and its ele- 
ments referred to as pseudo-measures. Show that with the natural identifica- 
tions M(T) c PM(T) c D'(T), and PM(T) consists precisely of those u for 
which {ji(n)} is bounded. Moreover, the correspondence pp = {/i(n)} is an 
isometry of PM (T) onto 4%. 

7. Leta, 8 € T, let N be an integer, and let u be the measure carried by the 
arithmetic progression {a + j3}}__, which places the mass zero at œ and the 
mass j~' ata+j@, 1 <|j| < N. Show that |[u\| pacar) <r +2. 

Hint: See exercise 3.4. 

8. Let f € A(T) be real valued and monotonic in a neighborhood of to € T. 
Show that | f(t) — f(to)| = O ((log|t — to|~')*) as t > to. 

9. Let u, pn E M(T), n = 1,2,.... Prove that pn — p in the weak-star 
topology if, and only if, || n||ar@ny = O (1) and Ên (j) — f(y) for all 7. 

10. By definition, a sequence {€,}321 C T is uniformly distributed if for 
any arc I c T we have linn. NT! aan Lz(En) = (22)7"|Z|. Prove the 
following statements: 

a. {£n}z C T is uniformly distributed if, and only if, pn = n`! YO? be, 
converge in the weak-star topology to (27)~‘dt, i.e., if for all integers 1 Æ 0, 
n7! 52” e5 — 0. (Weyl’s criterion). 

b. if is an irrational multiple of 7, the sequence {na} is uniformly distributed 
on T. 

11. Show that a measure u € M(T) is absolutely continuous if, and only if, 
lim;—o||t- — ul| = 0, where js, is the translate of u by 7 (defined by ,(E) = 
(E —7)). 

12. Let u € M(T). Prove: on(u, t) converge to zero at every t ¢ support(;:), 
the convergence uniform on every closed set disjoint from support(j:). 

13. Let y € M(T) be singular with respect to dt (that is, there exists a Borel 
set Eo of Lebesgue measure zero, such that u( E) = u(E N Eo) for every Borel 
set Æ). Show that on(u, t) — 0 almost everywhere (dt). 
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14. Show that the conclusion of exercise 12 is false if we assume u € D! 
instead of u € M(T); however, if we replace Fejér’s kernel by Poisson’s, the 
conclusion is valid for every p € D. 

Hint: For 0 < ô < a, and positive integers m, lim,—1 
in (6,27 — 6). 
15. (Bernstein’s inequality) Let tjn = Bitor, and ðjın = Ôt; n- Write 


O™P(r.t) __ 
orm E 


0 uniformly 


2n—1 


1 
Hn = 5 » 8j.n5 Un = Kn(t)un. 


(a) Check that ||v. || = %(0) = 1. 


(b) Write vš = netun, then ||v%|| = n, and {3 (4) is periodic of period 4n and 


D) — j for |l < n, 
2n— j forn<j < 3n. 


(c) Prove Bernstein’s inequality: if P =~" aje’", then 


(7.25) IP'llæ < r IP] - 
Hint: P' = vp P. 


(d) Prove that if P = 7", ajet, then ||P] < n||Plloo - 
Hint: Find a measure un of norm n such that Ên (4) = |j] for |j] < n. 


(e) Let B be a homogeneous Banach space on T, and P = an aje € B. 
Prove that || P’||p < n|| Pls, and IP's <n||Plle. 


8 ADDITIONAL COMMENTS AND APPLICATIONS 


8.1 Approximation by trigonometric polynomials. The order 
of magnitude of the Fourier coefficients of a function f gives some 
indication of the smoothenss of the function. We get more precise in- 
formation from the rapidity of the approximation of f by trigonometric 
polynomials (as a function of their degree), or from the decomposition 
of f into a series of polynomials given by (8.8) below. 

For p € C(T) denote E,(y) = inf|lg — Pll, the infimum for all 
trigonometric polynomials P of degree < n. 

If m is a positive integer and 0 < 7 < 1, C™7"(T) denotes the space 
{f € C” (T): f™ € Lip, }, endowed with the norm 


ller = ||fllomcry + Fo lki, 
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Theorem (Jackson). Let m be a non-negative integer, and0 <7 < 1. 
If f € C™+(T), then: 


(8.1) En (f) = O (n™™ ~’). 
The converse of the statement is true provided ņn > 0. See 8.3 below. 


The proof will use the information we have in the exercises for Sec- 
tion 3, Bernstein’s inequality for derivatives of polynomials (exercise 
7.15 above), and the “reverse inequality” which is discussed in the fol- 
lowing subsection. 


8.2 The “reverse Bernstein inequality”. 


Theorem. Let m be a positive integer. There exist a constant Cm such 
that if f = Y js, ae" € C™(T), then 


(8.2) Ill < Emr FO [loo 


PROOF: We prove the following statement: given positive integers m 
andn, there exist measures fim» Such that 


(8.3) finn()=j° " for |jļ|>n, and |\Mmnl|acry < Cmo ™ 


Since f = i" m.n * f(™, this clearly implies (8.2). 
Denote by m,n the positive function in L! (T) whose Fourier coef- 
ficients are given by 


—~ | je for |j| >n 
Prin (J) = -m . -m -m . 
n+ (n— |j n —(n+1)-™) | for [yl <n. 


The coefficients in the range |j| < n are chosen so as to fulfill the 
conditions of Theorem 4.1: they are symmetric, linear in [0, n + 1] with 
slope matching that of {j7~} on [n,n + 1], so that mal j} is convex on 
[0, oo). It follows that 


lomalle: = mn(0) < (m+ 1)n™. 


For even m set fim.n = Ọm,ndt and obtain Cm = m +1. 
For m = 1, we use the polynomials 


1 ggkti 


wok, 
Wik = e? Kok (nt) + 5° ™ Kok nt) 
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Clearly ||Yn.e ile) < 3/2, W,,4(J) = 0 for negative j, while for j > n 
Dico Pnl) = 1 (with one or two non-zero summands for each j). It 
follows that the function 


F(t) = 5 Wak * Pi n2k 


k=0 
pr 
T 


satisfies: (3) =0 forj <0, s (j) = 1/4 for all j > n, and 


(8.4) |: 


) < 3/2 X llb, || < Bn". 


LUT 


We set pr.» = (&*(t) — &*(—t))dt, and (8.2) holds with C, = 12. 
Finally, for m = 21+ 1 we set flmn = Hin * Hotn and Cm = 12m. < 


For polynomials of the form P = 9°, <\;)<4,, aje"/' we have 


(8.5) Ca ™ || Plloo < P l < (An) ||P loo. 


Moreover, the same holds if we replace || ||.. by the norm of any ho- 
mogeneous Banach space on T. 


8.3 Lemma. Let P, be trigonometric polynomials of degrees bounded 
by 2 and ||Plloo = O (2° *). Then f = > Py € C™+(T). 


PROOF: By Bernstein’s inequality, we have || Pi.||cmer) = O (27"*) so 
the series converges in C(T), and f € C™. Focusing on po” we have 


(8.6) IP] =O (27), and |P] = O (20-8) 
which imply 


Clp|2kO-) for |h] < 27% 
C2-kn for |A| > 27%” 


8D PPG h- PEPO i 


the constant C coming from the O bound. For any h and any t € T, 


pan-s E tw Y 2) < ca, 


|n|<2-ku nl >2-kn 


and f € orrnT). < 
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If f € C(T), n > 2, the polynomial Wp (f) = (Van — Vn) * f is of the 
form >7,,<)j)<4n ae". We set Wi(f) = V2 * f, and have 


(8.8) f =lim Vox * f =X Woe(f). 
k>1 


Notice that, since ||Vən — Vn ||z1(m) < 6, we have, for any homoge- 
nous Banach space B on T, 


(8.9) WA < 6 ||flle- 


Theorem. Let m > 0 be an integer and0 < 4 < 1. A necessary and 
sufficient condition for f to be in C™™"(T) is 


(8.10) [Walo = O(n"). 


For » = 0, the condition (8.10) is necessary, but not sufficient. 


PROOF: For any g, Wn(g) = 2(Kan *g—9) —3(Kon*g—9)+(Kn*9- 9); 
and hence 

(8.11) [Waa llo $6 max | lorlo) = glloo- 

Combine this (for g = f°, where f € C”™*”, and 0 < 7 < 1,) with 
exercise 2 at the end of Section 3, and obtain 


(8.12) [Wa < CULO lip, 2", 


where C is a universal constant. By (8.5), and the fact that convolution 
commutes with differentiation, thus ||Wn(f)\loo < Cll fllcntnn ®t, 
and we proved the “necessary” part of the theorem. For the proof that 
condition (8.10) is sufficient, write Py = Wə:( f) and apply the lemma. 


< 


This is essentially Jackson’s theorem. Our estimate of W,(f) was 
based on the estimate |lo,(f0™) — llo < Cll f\lomenn—", which 
implies the same (with a different constant) for ||V, * F — f& l, 
and the “reverse Bernstein inequality” givest 


En(f) < Na * f = flloo S Clif lonn ®t. 


This is the “direct” side of Jackson’s theorem. The “converse” follows 
from the current theorem combined with the observation that for any 
polynomial P of degree less than 2* we have Wax (f) = Wæ (f — P), 
hence ||W«(f)\loo < Ear- (F). 


+ This is the reason we use Vn rather than on: for f = cos t, on(f)— f = ntf. 
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8.4 One application of Theorem 8.2 is the fact that if f € O”, 
where m > 0 is an integer, and 0 < 7 < 1, then S[f], the conjugate 
Fourier series of f, is also the Fourier series of a function in C™*”. In 
the terminology of the next chapter, C™*" admits conjugation. This 
follows from 


Lemma. Let P be a polynomial of the form P = eng |j]<4n ajet, and 
P its conjugate, P = yin<|j[<4n SEn (J)aje". Then 


\|Plloo < TIPII- 


PROOF: P = P — 2(e7#3"V a, * P). < 


Theorem. C™+” admits conjugation. 
PROOF: With some abuse of notation we may write f = 7,5, Wa» (f) 
use the lemma, and invoke Theorem 8.2. < 


8.5 Multipliers on Fourier coefficients. Let B and Bı be ho- 
mogeneous Banach spaces on T and let T be an operator from B into 
Bı which commutes with translations. Then, for all n, Tet = t(nje*™ 
and for f € B the Fourier series of Tf is Y t(n)f(n)e™. In other 
words, T is expressed as a multiplier on the Fourier coefficients of f. 
We have seen concrete examples of this when T was differentiation, or 
convolution by a fixed measure, and just in the previous subsection— 
conjugation, for which the multiplier is t(n} = sgn (n). 

The proof of Theorem 8.4 can be imitated for other multipliers. For- 
mally, if {t(n)} is given, the operator T : f œ Y t(n) f(n)je™* is well 
defined for polynomials f. If we denote ||T ||» the norm of the multiplier 
restricted to the sup-normed space of trigonometric polynomials of the 
form Yoon cjjjcgn+2 aye", then the proof of Theorem 8.4 consisted in 
the observation that ||T'||,, is uniformly bounded when t(n) = sgn (n). 
The same argument, using Theorem 8.2, proves 


Theorem. 4 sequence {t(n)} is a multiplier C™ = C™, ro ¢ Z, ifand 
only if ||T\|n = O* (2%2-™)) | In particular, this is true if 


(8.13) 5 t(n) |? =O (2m) ; 


27 <|j| sort? 
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PROOF: We check that (8.13) implies the estimate ||T'|,, = O (270277). 
For polynomials of the form Jon <)j)<9n+2 ajet? the operator T is the 
convolution with the kernel Tp (t) = Mon<pyjcont2 t(j)e4", and its norm 
is bounded by [Taller < |Z || z2- < 


8.6 The difference equation. Given a function f € L!(T) and 
a € T, we are asked to find g such that 


(8.14) gt +a) — g(t) = FF). 


Under what condition can this be done and what can be said about the 
“solution” g? 

Formally the solution is obvious, at least if g € L'(T): (8.14) is 
satisfied if, and only if, 


(8.15) for alln € Z Alne — 1) = f(n), 
in other words, we need to set g(0) = 0 and 
(8.16) g(n) = (e™® — 1) Tf (n), 


and the question becomes that of identifying (pairs of) spaces on which 
the sequence (e’"* — 1)! is a multiplier. The answer depends on the 
diophantine properties of a, i.e., on the rate of growth of (e’" — 1)7!. 


Theorem. /f |e% — 1| > C\n|~7 then the sequence {(e'"* — 1)7"} is 
a multiplier C™(T) — C'(T) whenever rı — rə > y. If re is not an 
integer, the same holds for rı — rə = y. 


Lemma. Let {z;} y CT be such that for j £ k, 
|z; —1| >a. Then X|z; — 17? < 4a”. 


2; — | > a, and 


PROOF: The worst estimate is obtained when the points are packed as 


close to 1 as the condition permits, that is, for z; = e", j # 0, and 


zo = el MDa, a 


PROOF OF THE THEOREM. The lemma, with M = 27? and a = C27™7, 


implies 
5 (es _ 1)|7? =0 (277) . 


27 <|j|<27+2 


Now apply theorem 8.5. < 
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EXERCISES FOR SECTION 8 


1. Show that if m is an integer, the condition En(f) = o (n7-™ log n) is 
necessary for f € C™(T) but is not sufficient. Show also that the condition 
SD, 24" Ear (f) < co is sufficient; is it necessary? 

2. Let B be a homogenoeous Banach space on T. For f € B consider the 
B-valued function (T) = f+. Prove that if y is differentiable at some m € T, 
it is uniformly differentiable on T, and that this happens if, and only if, f’ € B. 

3. Let B be a homogeneous Banach space on T and assume that, for some 
1 < p< œ, ||- ||a is equivalent to ||{||Wor(-)||B}\le. Prove that B admits 
conjugation 


Chapter IT 


The Convergence of Fourier Series 


We have mentioned already that the problems of convergence of 
Fourier series, that is, the convergence of the (symmetric) partial sums, 
Sn( f), are far more delicate than the corresponding problems of summa- 
bility with respect to "good" summability kernels such as Fejér’s or 
Poisson’s. As in the case of summability, problems of convergence "in 
norm" are usually easier than those of pointwise convergence. Many 
problems, concerning pointwise convergence for various spaces, are 
still unsolved and the convergence almost everywhere of the Fourier 
series of square summable functions was proved only recently (L. Car- 
leson 1965). Convergence is closely related to the existence and proper- 
ties of the conjugate function. In this chapter we give only a temporary 
incomplete definition of the conjugate function. A proper definition 
and the study of the basic properties of conjugation are to be found in 
chapter ITI. 


1 CONVERGENCE IN NORM 


1.1 Let B be a homogeneous Banach space on T. As usual we write 


(1.1) SaN = Sn(f.t) = So fe. 


=n 


We say that B admits convergence in norm if 
(1.2) lim |'Sn(f) > flis = 0- 


Our purpose in this section is to characterize the spaces B which have 
this property. 

We have introduced the operators S„ : f + S,(f) in chapter I. S,, 
is well defined in every homogeneous Banach space B; we denote its 
norm, as an operator on B, by ||S„ |2. 
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Theorem. 4 homogeneous Banach space B admits convergence in 
norm if, and only if, ||S„||? are bounded (as n — œ), that is, if there 
exist a constant K such that 


(1.3) (SAP < KIF 


forall f € Bandn > 0. 


PROOF: If S,(f)} converge to f for all f € B, then S,,(f) are bounded 
for every f € B. By the uniform boundedness theorem, it follows that 
\|S,,||2 = O(1). On the other hand, if we assume (1.3), let f € B, £ > 0, 
and let P be a trigonometric polynomial satisfying ||f — P||p < ¢/2K. 
For n greater than the degree of P, we have S,,(P) = P and hence 


I[Sn(F) — fila =]Sn(f)} — Sn(P) +P- file 


E€ E 
< S P— <K> tzo SE 
<llSa(f — P) + |P- fle < Kzp tag $E <4 


1.2 The fact that Sn (f) = Dn * f, where Dn, is the Dirichlet kernel 


n 


(1.4) D =Y = 


n 


sin(n + 1/2)t 
sin t/2 


yields a simple bound for ||S,,||?. In fact, || Dn * flle < ||Dnllz:||f lle, so 
that 


(1.5) [Sa |7 < Dalz- 


The numbers L,, = ||D,||z1 are called the Lebesgue constants; they 
tend to infinity like a constant multiple of logn (see exercise | at the 
end of this section). 

In the case B = L1(T) the inequality (1.5) becomes an equality. This 
can be seen as follows: denote by Ky the Fejér kernel and remember 
that ||Ky||z1 = 1. We have ||S,.||"" > ||$(Ki)\|z2 = llow(Dn)||z2 and 
since on (Da) > Dn, as N — œ, we obtain 


ISAO > [Dallas hence [SpF ® = Dali. 


It follows that L! (T) does not admit convergence in norm. 
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1.3 In the case B = C(T) convergence in norm is simply uniform 
convergence. We show that Fourier series of continuous functions need 
not converge uniformly by showing that ||S,, ||“ are unbounded; more 
precisely we show that ||S,,||° = Ln. For this, we consider continu- 
ous functions Y, satisfying 


Ilr loo = supla) < 1 


and such that Yn (t) = sgn (D,,(£)) except in small intervals around the 
points of discontinuity of sgn (D,,(t)). If the sum of the lengths of these 
intervals is smaller than £/2n, we have 


1 
[Su > [Saliba 0) = 5 | Dylt)thn (t) dt > Ln- E 


which, together with (1.5), proves our statement. 


1.4 For a class of homogeneous Banach spaces on T, the problem 
of convergence in norm can be related to invariance under conjugation. 
In chapter I we defined the conjugate series of a trigonometric series 
Sane’ to be the series —i > sgn (n)ane’™*. If f € L'(T) and if the 
series conjugate to > f(n)e’* is the Fourier series of some function 
g € L*(T), we call g the conjugate function of f and denote it by f. 
This definition is adequate for the purposes of this section; however, it 
does not define f for all f € £*(T) and we shall extend it later. 

DEFINITION: A space of functions B C L!(T) admits conjugation 
if for every f € B, f is defined and belongs to B. 

If B is a homogeneous Banach space which admits conjugation, 
then the mapping f — f is a bounded linear operator on B. The linear- 
ity is evident from the definition and in order to prove the boundedness 
we apply the closed graph theorem. All that we have to do is show that 
the operator f — f is closed, that is, that iflim f, = f and lim f, = g in 
B, then g = f. This follows from the fact that for every integer j 


Ga) = Jim, fal) = = im, —isgn (Dfa) = —isgn (j) tim, f(a) 
= ~isen (j) fG) = FO) 


If B admits conjugation then the mapping 


(1.6) fofe= TOE f+if ~ ~ Fe 
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is a well-defined, bounded linear operator on B. Conversely, if the map- 
ping f + f° is well-defined in a space B, then B admits conjugation 


since f = —i(2f? — f — f(0)). 


Theorem. Let B be a homogeneous Banach space on T and assume 
that for f € B and for all n, ef € B and 


(1.7) le" fla = Ife. 


Then B admits conjugation if, and only if, B admits convergence in 
norm. 


PROOF: By Theorem 1.1 and the foregoing remarks, it is clearly suf- 
ficient to prove that the mapping f > f? is well defined in B if, and 
only if, the operators S,, are uniformly bounded on B. Assume first 
that there exists a constant K such that ||S„ ||? < K. Define 


2n 


(1.8) RO =J IDE = e Sale f) 
0 


by (1.7) we have || S°] < K. 
let f € Bande > 0; let P € B be a trigonometric polynomial 
satisfying || f — Pllp < £/2K. We have 


(1.9) ISLA- (Pyle = IISG- Pyle < 


g 
3 

If n and m are both greater than the degree of P, S? (P) = S? (P) and 
it follows from (1.9) that 


IS) = SL, Dls < E. 


The sequence {9? (f)} is thus a Cauchy sequence in B; it converges and 

its limit has the Fourier series 373° f(j)e“*. So f? = lim S (f) € B. 
Assume conversely that f + f’ is well defined, hence bounded, in 

B. Then 


S? f — P _ cient Jee tnt pP 


which means that |S? ||? is bounded by twice the norm over B of the 
mapping f +> f’. Since, by (1.7) and (1.8), ||S,,||2 = ||S?,\”, the theo- 


rem follows. < 
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1.5 We shall see in chapter IIT that, for 1 < p < œ, L?(T) admits 
conjugation, hence: 


Theorem. For 1 < p < œ, the Fourier series of every f € L?(T) 
converges to f in the L®(T) norm. 


EXERCISES FOR SECTION 1 


1. Show that the Lebesgue constants Ln = || Dn ||z1¢r), satisfy 
Ln = 4/7? logn + O(1). 


Hint: 
sin(n + 2 ae SHE jsin(n + 3)t| 
— dt 1); 
-f sint/2 vE +00); 


aya 
remember that 
G+1)7 
A infin + 1/2)t\dt = — 
sim (7 = —~. 
im n+l 
n+1/2 


2. Show that if the sequence {Nj} tends to infinity fast enough, then the 
Fourier series of the function 


FQ) = S527 Kw, A) 


does not converge in L' (T). 

3. Let {an} be an even sequence of positive numbers, convex on (0, oo) 
and vanishing at infinity (cf. 1.4.1). Prove that the partial sums of the series 
So ane’ are bounded in L'(T) if, and only if, an logn = O (1) and the series 
converges in L'(T) if, and only if, lim an log n = 0. 

4. Show that B = C” (T) does not admit convergence in norm. 

Hint: Sn commute with derivation. 

5. Let y be a continuous, concave (i.e., o(h) + yp(A+ 26) < 2p(h+ 4)), and 
increasing function on [0, 1], satisfying (0) = 0. Denote by A, the subspace 
of C(T) consisting of the functions f for which, as h — 0, w( f, h) = O(y(h)). 
Denote by à, the subspace of A, consisting of the functions f for which 

w(f,h) = o(y(h)) ash — 0. (w(f,h) is the modulus of continuity of f; see 
1.4.6.) Consider the following statements: 

(a) y(h) = O (—(log h)~') as h = 0. 

(b) For every f € åp S[f] is uniformly convergent. 

(c) y(h) = o(—(log h)~+) as h > 0. 

(d) For every f € Ay, S[f] is uniformly convergent. 

Show that (a) is equivalent to (b) and that (c) is equivalent to (d). 


For another way, see [16]. 
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2 CONVERGENCE AND DIVERGENCE AT A POINT 


We have seen in the previous section that the Fourier series of a 
continuous function need not converge uniformly. In this section we 
show that it may even fail to converge pointwise, and then give two 
criteria for the convergence of Fourier series at a point. 


2.1 Theorem. There exists a continuous function whose Fourier se- 
ries diverges at a point. 


We give two proofs which are in fact one; the first is "abstract" 
based on the Uniform Boundedness Principle, and is very short. The 
second is a construction of a concrete example in essentially the way 
one proves the Uniform Boundedness Principle. 


PROOF A: The mappings f > S;,(f,0) are continuous linear function- 
als on C(T), We saw in the previous section that these functionals are 
not uniformly bounded and consequently, by the Uniform Boundedness 
theorem, there exists an f € C(T) such that {S,,(/,0)} is not bounded. 
In other words, the Fourier series of f diverges unboundedly at t = 0. 

< 


PROOF B: As we have seen in section 1, there exists a sequence of 
functions w,, € C(T) satisfying: 


(2.1) lnl <1, 


1 1 
(2.2) [Sn (tn, 0)| > glPalla > To [08 n. 


We put ynt) = one (Yn, t) and notice that y, is a trigonometric 
polynomial of degree n? satisfying 


(2.1°) lenlo <1, 

and [Sn(on.t) Z Snnt) <2 
hence 

(2.2’) [Sin (Gn,9)| > lean 2 


With \,, = 2°” we define 


(2.3) FO = $ ah rn Ant) 
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and claim that f is a continuous function whose Fourier series diverges 
att = 0. The continuity of f follows immediately from the uniform 
convergence of the series in (2.3); to show the divergence of the Fourier 


series of f at zero, we notice that y),(A;t) = X, Pa; (m)e’™t; hence 
n 1 foe) 1 Sa 
ID= Z er, 000) +O 750) 
1 J n+l J 
24 n—l 1 1 œ 1 
C4) = [Ð 5,0) + 5 Sa.(9a.0) +) SHO) 
1 J n n+l J 
K 
> =z log An — 3, 
n 
which tends to oo, and the theorem follows. < 
Remark: i 


1 <1 
FO = S yea Ant) D za Pan Ant). 


1 

The first sum is a trigonometric polynomial and so does not affect the 
convergence of the Fourier series of f. The second sum is periodic 
with period 27/A,, (since Am divides A, for k > m); consequently the 
partial sums of the Fourier series of f are unbounded at every point of 
the form 27} /Àm for any positive integers j and m. If we want to obtain 
divergence at every rational multiple of 27, all that we have to do is put 
An = n!23”, 

2.2 Our first convergence criterion is really a simple Tauberian theo- 


rem due to Hardy. 


Theorem. Let f € L! (T) and assume 


(2.5) fn) =O (=) as In| > o. 


Then S,(f,t) and onl f, t) converge for the same values of t and to the 
same limit. Also, if o,(f,t) converges uniformly on some set, so does 


Salf, t). 


PROOF: The condition (2.5) implies the following weaker condition 
which is really all that we need: for every £ > 0 there exists a A > 1 
such that 


(2.5’) lim sup 5 IAG < e. 


? nS|j|<An 
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Let £ > 0 and let \ > 1 be such that (2.5’) is valid. We have 
[An] + 1 n+l 


2 6) Srl f, t= = [An] — Tln) ,t) = [An] Onl f t) 
: [An] +1 lIl \ pry cage 
-A PN ne fae". 


(where [Àn] denotes the integral part of àn). By (2.5’) there exists an 
no such that ifn > no, the last term in (2.6) is bounded by £. If on (f, to) 
converge to a limit o(f, to), it follows from (2.6) that for nı sufficiently 
large, n > nı implies 


(2.7) |Sn(f, to) — of, to)| < 2e, 
in other words, 
(2.8) lim Salf, to) = olf, to). 


The choice of n depends only on the rate of convergence of o,,(f, to) 
to o( f, to) so that if this convergence is uniform on some set, so is (2.8). 
< 


Corollary. Let f be of bounded variation on T; then the partial sums 
Sn( f, t) converge to $(f(t+0)+ f(t—0)) and in particular to f(t) at ev- 
ery point of continuity. The convergence is uniform on closed intervals 
of continuity of f. 


PROOF: By Fejér’s theorem the foregoing holds true for ¢,,(f,t), and 
the statement follows from the fact that for functions of bounded varia- 
tion, (2.5) is valid (cf. Theorem 1.4.5). < 


2.3 Lemma. Let f € L! (T) and assume Ji EE jat < oo. Then 
lim S,,(f,0) = 0. 


PROOF: 


Sn(f,0) => f: it sin(n + 1/2)t dt = 
(2.9) 


` f(t) cos t/2 sin 


tdt 
z. sin t/2 


zJ” t} cos ntdt 4 


By our assumption EO € L! (T); hence, by the Riemann-Lebesgue 


sint 


lemma, all the integrals in (2.9) tend to zero. « 


Il. THE CONVERGENCE OF FOURIER SERIES 63 


2.4 Theorem (Principle of localization). Let f € L'(T) and as- 
sume that f vanishes in an open interval I. Then S,,(f,t) converge to 
zero for t € I, and the convergence is uniform on closed subsets of I. 


PROOF: The convergence to zero at every t € J is an immediate conse- 
quence of Lemma 2.3. If Jy is a closed subinterval of J, the functions 


Pult) = fl SES tf to € Ip, form a compact family in L! (T), 
hence by Remark I.2.8, the integrals in (2.9) corresponding to f(t— to), 
to € Ip, tend to zero uniformly. < 


The principle of localization is often stated as follows: let f, g € L! (T) 
and assume that f(t) = g(t) in some neighborhood of a point tọ. Then 
the Fourier series of f and g at to are either both convergent and to the 
same limit or both divergent and in the same manner. 


2.5 Another immediate application of Lemma 2.3 yields 


Theorem (Dini’s test). Let f € L(T). If 


1 — 
f [Ae to) F(to) dt < o% 
1 t 
then 
Salf, to) > f (to). 
EXERCISES FOR SECTION 2 


1. Show that if a sequence of continuous functions on some interval is 
unbounded on a dense subset of the interval, then it is bounded only on a set of 
the first category. Use that to show that the Fourier series of f (defined in (2.3)) 
converges only on a set of the first category. 

2. Show that for every given (countable) sequence {t,} there exists a con- 
tinuous function whose Fourier series diverges at every tn. 

3. Let g be the 2z-periodic function defined by: g(0) = 0, g(t) = t — r for 
0<t<2n. 

(a) Discuss the convergence of the Fourier series of g. 

(b) Show that |Sr(g,t)| < m + 2 for all n and t. 

(c) Put pn (t) = (n+2) 71e Sn (g, t); show that |p ||. < Land |Sn(yn,0)| > 
K logn for some constant K > 0. 

(d) Show that for |t| < 1/2, some constant Ky, and all n and m, 

Kı 


Sim(pn,t <7 
ISnleu8| <7 
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(e) Show that for a proper choice of the integers nj and àj, the Fourier 
series of the continuous function 


foe) 


B= pe en (0 


j=l 


diverges for t = 0 and converges for all other t € T. 


x3 SETS OF DIVERGENCE 
3.1 We consider a homogeneous Banach space B on T. 


DEFINITION: A set E C T is a set of divergence for B if there exists 
an f € B whose Fourier series diverges at every point of E. 


3.2 DEFINITION: For f € L'(T) we put 


Sh, t) = SUP <n|Sm(F; t| 


(3.1) 
S* (F, t) = supp [Sn (f, t). 


Theorem. EŒ is a set of divergence for B if, and only if, there exists an 
element f € B such that 


(3.2) S*(f,t) =œ for te £. 
The theorem is an easy consequence of the following: 


Lemma. Let g € B. There exist an element f € D, and a positive even 
sequence {Q;} such that lim;oo N; = œ monotonically, and such that 
FG) = Q490) for all j € Z. 


PROOF OF THE LEMMA: Let A(n) be such that |oxm (9) — gla < 27”. 
We write f = g + S“(g — 0 ,,(g)). The series converges in norm; hence 
f € B. Also f(j) = 0;9(9) where 9; = 1 + Xz; min(1, |j|/(àn + 1)). 

< 


PROOF OF THE THEOREM: Condition (3.2) is clearly sufficient for the 
divergence of X f(j)ett for all t € E. Assume, on the other hand, that 
for some g € B, X` 9(j)e%* diverges at every point of E. Let f € B 
and {Q,;} be the function and the sequence corresponding to g by the 
lemma. We claim that (3.2) holds for f. 
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This follows from: for n > m, 


n 


Sahg, t) — Sm(g.t) = 5 (S5(f, t) — Sj-(f, t))Q;* 


m+ 
(3.3) =al S OG — Sml S OG 
n—l 
+Y (OP ORD t), 
m+l 


hence 
(Salf, t) _ Sm(f, t)| < 25" (f, tO 


It follows that if S*(f,t) < oo, the Fourier series of g converges and 
tZ FE, < 


Remark: Let wn, n > 1, be positive numbers such that w; = O (Q3), 
and 7 (Q7' — O5),)w; < œ. Then, for all t € E, S4(f,t) # o(wy). 
This follows immediately from (3.3). 


3.3 For the sake of simplicity we assume throughout the rest of this 
section that 


(3.4) Iffe Band neZ then efe Band |e’ fle = |lf\lz- 


Lemma. Assume (3.4); then E is a set of divergence for B if, and 
only if, there exists a sequence of trigonometric polynomials P; € B 
such that 


(3.5) So \|Pills <œ and supS*(P;,t)=0o on E. 


PROOF: Assume the existence of a sequence {P} } satisfying (3.5). De- 
note by m; the degree of P; and let v; be integers satisfying 


Vj > Vj—1 + Mji + Mj. 
Put f(t) = X et P; (t). For n < m; we have 
Sujan l f t) — Sijn lf, t) = e Sy( Pj, t); 
hence Y f(j)e’* diverges on E. 


Conversely, assume that E is a set of divergence for B. By Remark 
3.2 there exists a monotone sequence w,, — œ and a function f € B 
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such that |S;,(f,£)| > wn infinitely often for every t € E. We now pick 
a sequence of integers {A;} such that 


(3.6) If = ex (Nil <27 


and then integers u; such that 
(3.7) Wu; > 2sup, S* (ox (f) t) 


and write P; = V,.,,, * (f — ox (J)) where as usual V, denotes de la 
Vallée Poussin’s kernel (see 1.2.13). It follows immediately from (3.6) 
that S°||P;||B < œ. Ift € E and n is an integer such that |S,(f,t)| > wn, 
then for some j, uj < n < uj+ı and 


Sna ( Pj, t) = Sr(f — Oj (f), t) = Salf, t) = Sanlo; (f), t). 
Hence, by (3.7), |Sn(P;,t)| > wn, and (3.5) follows. < 


Theorem. Assume (3.4). Let Ej, 7 = 1,2,..., be sets of divergence 
for B. Then E = UE, is a set of divergence for B. 


PROOF: Let {P?} be the sequence of polynomials corresponding to E;. 
Omitting a finite number of terms for each j does not change (3.5), but 
permits us to assume 5°, „|| P} || < oo which shows, by the lemma, that 
E is a set of divergence for B. < 


3.4 We turn now to examine the sets of divergence for B = C(T). 


Lemma. Let E be a union of a finite number of intervals on T; denote 
the measure of E by 6. There exists a trigonometric polynomial p such 
that 


S*(y,t) a iog( $) on E 


(3.8) 3 
lelo < 1. 


PROOF: It will be convenient to identify T with the unit circumference 
{z:|z| = 1}. Let I be a (small) interval on T, J = {e"'|t —to| <e:}; 
the function Yr = (1+ e — ze~“°)~+ has a positive real part throughout 
the unit disc, its real part is larger than 1/32 on J, and its value at the 
origin (z = 0) is (1 + ¢)~1. We now write E C UÑ I, the J; being small 
intervals of equal length 2< such that Ne < 6, and consider the function 


w) = HEE we) 
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w has the following properties: 
R(z)) >0 for |z)<1 
(3.9) w(0) =1 
1 
2 DAT. ae . 
lyi) = RW(z)) aye 3g ONE 


The function log y% which takes the value zero at z = 0 is holomorphic 
in a neighborhood of {z:|z| < 1} and has the properties 


|Sdog w(z))| <r on T 


(3.10) log w(z)| > log(36)~ on EB 


Since the Taylor series of log ù converges uniformly on T, we can take 
a partial sum ®(z) = yy anz” of that series such that (3.10) is valid 
for ® in place of log y. We can now put 


M M 


1 —iM i 1 —iM in = in 
elt) = eSB) = e (S ane -D ane) 
1 1 
and notice that 
1 i 
Su(y,t)| = z l < 


Theorem. Every set of measure zero is a set of divergence for C(T). 


PROOF: If E is a set of measure zero, it can be covered by a union 
Uln, the J, being intervals of length |/,,| such that 57|Z,| < 1 and such 
that every t € E belongs to infinitely many ln’s. Grouping finite sets 
of intervals we can cover E infinitely often by UE, such that every 
En is a finite union of intervals and such that |£,,| <2", Let yn be 
a polynomial satisfying (3.8) for E = E, and put Pa, = n-?y, We 
clearly have S>||Py\lo0 < co and S*(Pa, t) > 2"71!/27n? on Ep. Since 
every t € E belongs to infinitely many E,,’s, our theorem follows from 
Lemma 3.3. < 


3.5 Theorem. Let B be a homogeneous Banach space on T satisfy- 
ing the condition (3.4). Assume B D C(T); then either T is a set of 
divergence for B or the sets of divergence for B are precisely the sets 
of measure zero. 
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PROOF: By Theorem 3.4 it is clear that every set of measure zero is a 
set of divergence for B. All that we have to show in order to complete 
the proof is that, if some set of positive measure is a set of divergence 
for B, then T is a set of divergence for B. 

Assume that ŒF is a set of divergence of positive measure. For a € T 
denote by Ea the translate of E by a; Ea is clearly a set of divergence 
for B. Let {an} be the sequence of all rational multiples of 27 and put 
E = UEa. By Theorem 3.2 Ē is a set of divergence, and we claim that 
T \ Ē is a set of measure zero. In order to prove that, we denote by y 
the indicator function of E and notice that 


x(t — a) = x(t) for all ¢ and œn. 


This means 
DER = SEX 
J J 


or 
ROT = XG) (alll an) 
If 7 4 0, this implies x(7) = 0; hence x(t) =constant almost everywhere 
and, since y is an indicator function, this implies that the measure of Ẹ 
is either zero or 27. Since È > E, E is almost all of T. 

Now T \ Ē is a set of divergence (being of measure zero) and E is a 
set of divergence, hence T is a set of divergence. < 


3.6 Thus, for spaces B satisfying the conditions of Theorem 3.5, and 
in particular for B = L?(T), 1 < p < œ, or B = C(T), either there 
exists a function f € B whose Fourier series diverges everywhere, or 
the Fourier series of every f € B converges almost everywhere. In the 
case B = L! (T) it was shown by Kolmogorov that the first possibility 
holds. The case of B = L? (T) was settled only recently by L. Carleson 
[4], who proved the famous "Lusin conjecture"; namely that the Fourier 
series of functions in L?(T) converge almost everywhere. This result 
was extended by Hunt [12] to all L” (T) with p > 1. The proof of these 
results is still rather complicated and we do not include it. We finish 
this section with Kolmogorov’s theorem. 


Theorem. There exists a Fourier series diverging everywhere. 


PROOF: For arbitrary x > 0 we shall describe a positive measure us, of 
total mass one having the property that for almost all ¢ € T 


(3.11) S* (in, t) = sup,,|Sn(ux,t)| > K- 
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Assume for the moment that such u exist; it follows from (3.11) that 
there exists an integer N,, and a set Æ, of (normalized Lebesgue) mea- 
sure greater than 1 — 1/x«, such that for t € Ex 


(3.12) SUP, <1, Salnt) > 


If we write now Yẹ = Ux * Vy,» (Vn, being de la Vallée Poussin’s 
kernel), then ¢,, is a trigonometric polynomial, ||(p,<.||z1¢7) < 3 and 


S (Pkt) = SUP, <n, |Sn( Prt) = sup, <n, |Sn (Hx, t) >R 


on Ex. Applying Lemma 3.3 with P; = j~°ys; we obtain that the set 
E = Nm Um<; Evs is a set of divergence for E+(T). Since F is almost 
all T, Kolmogorov’s theorem would follow from Theorem 3.5. 

The description of the measures ju,, is very simple; however, for the 
proof that (3.11) holds for almost all t € T, we shall need the following 
very important theorem of Kronecker (see VI.9). 


N 


Theorem (Kronecker). Let {x;) N > 1, be real numbers such 


j=v 
that xı,... æn, 7n are linearly independent over the field of rational 
numbers. Let £ > 0 and a,,...,an be real numbers, then there exists 


an integer n such that 


|e?) — el) ce j=1,..., N. 


We construct now the measures u as follows: let N be an integer, 
let 21,...,2, be real numbers such that z1,..., £y, 7 are linearly inde- 
pendent over the rationals and such that |x; — (27j/N)| < 1/N°, and let 
p= 1/N E ðs. 

For t € T we have 


Snl, b) = J D,(t — x)du(x) = W X Dalt —2;)= 


For almost all t € T, the numbers t — x,...,¢ — £y, 7 are linearly 
independent over the rationals. By Kronecker’s theorem there exist, for 
each such t, integers n such that 


i(n+h)(t-ay) _ | sin t i) t j=1 
entz i sgn (sin 5 \i< j=1,... 
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hence 
sin(n+3)(t-—aj) _ 1), t= gjj! 
sin(n I ait = 29) > si Zi] for all j. 
sin 5(t — ay) 2 2 
It follows that 
N 
y 1 . t— 2; -1 
(3.13) Snl, t) > oN Z frin 5 
j= 


and since the z;’s are so close to the roots of unity of order N, the 
sum in (3.13) is bounded below by 5 fi), |sint/2|'dt > logN > r, 
provided we take N large enough. < 


EXERCISE FOR SECTION 3 


1. Let B be a homogeneous Banach space on T. Show that for every f € B 
there exist g € B and h € L'(T) such that f = g * h. 
Hint: Use Lemma 3.2 and Theorem 1.4.1. 


Chapter II 


The Conjugate Function and Functions 
Analytic in the Unit Disc 


We defined the conjugate function for some summable functions by 
means of their conjugate Fourier series. Our first purpose in this chap- 
ter is to extend the notion to all summable functions and to study the 
basic properties of the conjugate function for various classes of func- 
tions. This is done mainly in the first two sections. In section 1 we use 
the "complex variable" approach to define the conjugate function and 
obtain some basic results about the distribution functions of conjugates 
to functions belonging to various classes. In section 2 we introduce 
the Hardy-Littlewood maximal functions and use them to obtain re- 
sults about the so-called maximal conjugate function. We show that the 
conjugate function can also be defined by a singular integral and use 
this to obtain some of its local properties. In section 3 we discuss the 
Hardy spaces H?. As further reading we mention [11]. 


1 THE CONJUGATE FUNCTION 


1.1 We identify T with the unit circumference {z:z = e**} in the 
complex plane. The unit disc {z:|z| < 1} is denoted by D and the 
closed unit disc, {z:|z| < 1}, by D. For f € L!(T) we denote by 
fre"), r <1, the Poisson integral of f, 


(1.1) Fre) = (P(r) x DE = Sor fine. 


In chapter I we have considered P(r,-) * f as a family of functions 
on T, depending on the parameter r, 0 < r < 1. The main idea in this 
section is to consider it as a function of the complex variable z = re” 
in D. 


71 
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The functions r!"le’*™, —oo < n < œ, are harmonic in D, and, 
since the series in (1.1) converges uniformly on compact subsets of 
D, it follows that f(re**) is harmonic in D. We saw in 1.3.3 that at 
every point t where f is the derivative of its integral (hence almost 
everywhere) f(e*) = lim, f(re). Actually it is not very hard to see 
that for almost all t, f(z) — f(e”) as z — e” nontangentially (i.e., if 
z — e", remaining in a sector of the form {¢: jarg(1—¢e~")| < a < 7}. 
(See [28], Vol. 1, p. 101.) 

The harmonic conjugate to (1.1) is the function 


CO 


(1.2) fre") = i X sen (n)(n)r'"!fnje™ = (Q(r.) * NO 


—x 


where 


> aye < vey Inf int 2rsint 
(1.2’) Q(r,t) = =i) sen (nnn lJet = I 2 costi? 
is the harmonic conjugate of Poisson’s kernel P(r, t) (normalized by the 
condition Q(0,t) = sgn (0) = 0). We shall show that f(re‘) has a radial 
limit for almost all t. Denoting this radial limit by f(e”) we shall show 
that if f has a conjugate in the sense of section II.1, then this conjugate 
is f (ett). We may therefore call f the conjugate function of f. 


1.2 Lemma. Every function harmonic and bounded in D is the Pois- 
son integral of some bounded function on T. 


PROOF: Let F be harmonic and bounded in D. Let r, T 1 and write 
fr(e™) = F(r,e"). The sequence { fn } is a bounded sequence in L% (T); 
hence for some sequence n; — oo, fn; converges in the weak-star 
topology (L (T) being the dual of L! (T)) to some function F(e**). Let 
pe? € D, then 


1 f , if 
g | Plat aP d= tim 5 f Plot 7), (ela 
2m jroo QT , j 


= lim F(r,,pe'") = F(pe'’). 

Jae < 
1.3 Lemma. Assume f € L'(T) and let f(re'') be defined by (1.2) . 
Then, for almost all t, f(re*) tends to a limit asr — 1. 


PROOF: Since the mapping f > fire”) is clearly linear and since any 
f in L (T) can be written as fı — f2 + ifs — ifa with f; > 0 in L (T), 
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there is no loss of generality in assuming f > 0. The function F(z) = 
ef@)-“F(2) is holomorphic (hence harmonic) in D. Since the Poisson 
integral of a nonnegative function is nonnegative f(z) > 0, and since 
f is real valued (being the harmonic conjugate of the real valued f), 
it follows that |F(z)| < 1 in D. By Lemma 1.2 (and 1.3.3) F has a 
radial limit of modulus e~/“ almost everywhere. Since f € L'(T), 
fle) < œ, hence lim,_,, F(rett) 4 0 almost everywhere; and at every 
point where F(e*") exists and is nonzero, f(re‘!) has a finite radial limit. 

< 


1.4 DEFINITION: The conjugate function of a function f € L!(T) 
is the function f(e") = lim, f(re”*). 

If the series conjugate to the Fourier series of f is the Fourier series 
of some g € L!(T), then the Poisson integral of g is clearly f(re*), 
which converges radially to g(e**) for almost all t (theorem 1.3.3). It 
follows that in this case f = g and our new definition of the conjugate 
function extends that of II.1. 


We have seen in 1.4.2 that Xə gos nt is a Fourier series while 
oS 


is not. Since Y% , Sant 


n=2 logn 

œ cosnt 

n=2 logn 

we can check that 57°, qn nit g L*(T). Thus the conjugate function 
oS 

of a summable function need not be summable. 


Remark: At this point we cannot deduce that }7*~, smn g L(T) 
from the mere fact that the series is not a Fourier series. However, we 
shall prove in section 3 that if f € L'(T), for some f € L!(T), then 
f (re"*) is the Poisson integral of f. From that we can deduce that if 
f € L'(1) then its Fourier series is S[f] so that if Š[f] is not a Fourier 
series then f ¢ L! (T). 

The difficulty in asserting immediately that f(re’) is the Poisson 
integral of f stems from the fact that we have only established point- 
wise convergence almost everywhere of f(re*) to f(e*) and this type 
of convergence is not sufficient to imply convergence of integrals. 


œ sinnt 
n=2 logn?’ 


everywhere, its sum is the conjugate function of f = >> 


the conjugate series, $, 


converges 


and 


1.5 We denote the (Lebesgue) measure of a measurable set E c T by 
|El. 

DEFINITION: The distribution function of a measurable, real-valued 
function f on T is the function 


m(x) = m;(x) = |{t: f(t) <z}, =œ <z < oo. 
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Distribution functions are clearly continuous to the right and mono- 
tone, increasing from zero at g = —oo to 27 as x — oo. The basic 
property of distribution functions is: for every continuous function F 
on R 


(1.3) [EEO | Peyams(a), 


DEFINITION: A measurable function f is of weak L? type, 0 < p < œ, 
if there exists a constant C such that for all à > 0 


(1.4) m;(A) > 27 — CA” 


(or equivalently, |{¢: | f(t)| > A}| < CA7»). 
Every f € L°(T) is clearly of weak L” type. In fact, for all A > 0 


1 f” 1 fe, 
WWM = ae imne) f Pdga) 


IV 


1,, {* AP 
= J dms (z) = z= (27 -m| (A)) 


hence (1.4) is satisfied with C = 27|| f ||Ẹ.». It is equally clear that there 
are functions of weak L” type which are not in L?(T); |sint| 7t is a 
simple example. 


Lemma. /f f is of weak L? type then f € L” (T) for every p! < p. 


PROOF: 
Jas) x” dmjy (2) < maa= f xPdm (zx) = 
= my (1) = e” Ox — map (a) + f 2r- migle) da) 


<ac f sde) = 2+ | a? —P-lda < 00. a 
1 Ji 


1.6 Theorem. /f f € L'(T) then f is of weak L' type. 


PROOF: We assume first that f > 0; also, we normalize f by assuming 
l|f\lz1 = 1. We want to evaluate the measure of the set of points where 


|f| > A. The function H(z) = 14 l arg = = 14 13(log ==) is 


zFiA IA 
clearly harmonic and nonnegative in the half plane R(z)} > 0, and its 
level lines are circular arcs passing through the points ¿À and —iA. The 
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level line Hx (z) = % is the half circle z = Ae”, —7/2 < 0 < 7/2, hence 
if |z| > A then Hy(z) > į. Also it is clear that 

Ay(1) = 1 — (2x) arctan A < 2/md. 


Now H, (f(z) + if(z)) is a well-defined positive harmonic function in 
D, hence 


1 f ; z 2 
AD zy [Ge + ifred = HO) =) < S 
and remembering that Hy(f +if) > 5 if|f+ if| > A, we obtain, 
= at 8 
Kt: [flre)| > WSS, 


Since the mapping f — f is linear it is clear that if we omit the normal- 
ization ||f||zı = 1 we obtain, letting r — 1, that for f > 0 in L! (T) 


ft: [Fle > AH < 8I AT. 

Every f € L! (T) can be written as f = fı — f2 + ifs — ifa where f; > 0 
and || fillz: < Ilf\lz.. We have f = fi — f2 + ifs — i f4 and consequently 
[ERED > A} a UED > A/4}. 
j=1 

It follows that for c = 128 and every f € L! (T) 


(1.6) HELFE) > AJ < elf Am. < 


Corollary. Jf f € L1(T) then f € L“(T) for alla < 1. 


PROOF: Lemma 1.5. < 


1.7 The method of proof of Theorem 1.6 can be used for bounded 
functions as well. 


Theorem. /f f is real valued and |f| < 1, then for0 < a < 7/2 


(1.7) 1 feta < 


Qn T cosa 
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PROOF: Put F(z) = f(z) — if(z). Since cos(af(z)) > cos a, we have 
Ree) > cos ale?” | = cos a eth), 


and since © f Ree?) dt = Ree?) = cosaf(0) < 1, it follows 
that 


1 Fen it 1 1 zen it 1 
— | crf dg <—. Similarly, — | eof dt < —. 
20 COS Q QT COS & 


Adding and letting r — 1 we obtain (1.7). < 


Corollary. I| f| < 1, then 


(1.8) maA) > an(1 - 5) 


PROOF: Write f=fittfe where fi, fo are real valued. We have 
f = fi +ifs and consequently |f (e*)| > À happens only if either 


lfi(e”)|>2°-7A or |All > 272A 
Now, by (1.7) with a = V2, 


An À a 
e^, =1 
cos V2 3 


and (1.8) follows. « 


{t:|f;| > 273A} < 2 


d 


*1.8 We shall see in chapter VI that a finite Borel measure on R is com- 
pletely determined by its Fourier-Stieltjes transform (just as measures 
on T are determined by their Fourier-Stieltjes coefficients). This means 
that two distribution functions, m; (x) and ma(x), of real-valued func- 
tions on T are equal if f e*dmj(x) = f e*dmo(zx) for all € € R. 
Using this remark we shall show now that if f is the indicator func- 
tion of some set U C T, then m FA) depends only on the measure of U 
and not on the particular structure of U. Thus we can compute m ;(A) 
explicitly by replacing U by an interval of the same measure. 


Theorem. Let U C T be a set of measure 2a. Let f be the indicator 
function of U and let Xa be the indicator function of (—a,a). Write 
m,(A) = my, (A). Then m;(\) = m,(). 
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PROOF: Apply Cauchy’s formula on z = re“! to the analytic functions 
FS(z) = EOT) let r — 1 and remember that f = 0 on T \ U and 
f =1onJU; this gives 


(1.9) J Fat + eë J eSF dt = In FE (0) = 28, 
JT\U Ju 


Rewriting (1.9) for —¿ instead of € and then taking complex conjugates, 
we obtain 


(1.10) f ape e f ei ap = Ime $e, 
TVW U 


From (1.9) and (1.10) we obtain 


-, inh &@ 
cithle) ap _ oq inh - 
U sinh £ 
/ ithe") pp inh sd - 2) 
TW sinh € 


We write now m (A) = nı (A) + n2(A) where 


(1.11) 


n(A) = |U A {t: fle") < A} 


and =, 
na(à) = |(T\ U) N {t: fle") < A} 


and we can rewrite (1.11) as 


sinh && 
T 


fe) = 27 sinh é 


cen sinh ¿(1 — 2) 
EX Jy =Iqş— -°S á 7/ 
fe dno(x) T sinh € . 


(1.12) 


We see that nı (x) and n(x) are uniquely determined by a and so they 
are the same for f and ¥a We thus obtain that f and Xa have the same 
distribution of values not only on T but also on U for f and (—a, a) for 


Xa: < 


The Fourier series of x, is 


[oe] . . 
sinna ,; a sin na 
> en — -2 ) cos nt 
Tn T rn 
no 1 
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hence 


alre) =2 D p” sinna gin nt = 5 pre n(t — a) — cosn(t + a) 
° 7 AN 7 mn 


1 “1 . ~ 1 , 
=-R( 7 pn „in(t—a) _ pn intz) 

T 2 no e 2 n € 

1 

T 


l] rett — ete 
El pelt — er 
and finally 
. 1 cit — et 1 1 — cos(t — a) 
1.13 Xale") = = log a| = 9, 8 
( ) Xale”) z og eit — e~ia Qn 8 TZ cos(t + a) 


It follows from (1.13) that for A > 1 the set {t:¥,.(e"%) > A} is an 
interval containing t = —q and contained in (—a — $1, —& + (2) where 


Bı — Go — p TAa 
Fath a hT" , hence 
(1.14) m,(A) > 2r —5ae-™. 


Corollary. Let f be the indicator function of a set U of measure 2a 
on T. Then, for » > 1 


(1.15) {t: lf(e")| > A}| < 10ae7™. 


1.9 Returning to L! (T), we use Theorem 1.6 and the fact that conjuga- 
tion is an operator of norm 1 on L?(T) to obtain the following theorem. 
The method applies in a general context which we discuss briefly in the 
following subsection. 


Theorem. /ft flog*|f| € L (T), then f € L'(T). 


PROOF: We shall use the fact that for g € L? (T) we have g € L?(T) and 
llgllz2 < llgl|z2. This is an immediate corollary of Theorem 1.5.5. As 
we have seen in 1.5, this implies 


(1.16) mygi(A) > 2n(1 — |lgll2). 


We have to prove that fP Adm, 7)(A) < oo which is the same thing as 
fe Adm ;)(A) = O (1) as R — ov. Integrating by parts and remembering 


Tlogt z = sup(log z, 0) for x > 0. 
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(1.6) we see that the theorem is equivalent to 
R 
(1.17) f (2r —m)7(A))dA=O(1) as R> oo. 
1 


In order to estimate 27 — m) 7 (A) we write f = g +h, where g = f when 
|f| < Aand h = f when |f| > à. We have f = 9+ À and consequently 


(1.18) ft: IFOL > AFE EIO > A/2} U ft: AOI > A/2}. 


By (1.16) 
D D D rÀ D 
(1.19) {t:|9(t)| > A/2}| < 847A? || g||Z2 = 877? J adm j 
J0 

and by (1.6) 

HEAL > A/2} < 2cA7! || x = 2eA7! f dm 5) 

JA 
for x > À, (log x)? > (log à)? and we obtain 
~ 2c © 

(1.20) He |h(t)| > A2 < wea | xy/log edm 7 


By (1.18), (1.19), and (1.20) we have 


A oo 
: : 2c 
2r —m)z(X) < 8r? “am, + = | ry/log adm, z.. 
T- maA) < 8m fe fl” \floga Jy 7V C8 POF 


Thus (1.17), and hence the theorem, will follow if we show that as 


Row, 
R 2 ` 2 
f A (/ udm jJd = 0 (1) 


R 1 “OO 
f weal | x ylogzdm j )dd = 0 (1) 


(1.21) 


The information that we have concerning mj is that it is a monotonic 
function tending to 27 at infinity and such that 


(1.22) J zlog rdmj j < 00 
1 
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In order to derive (1.21) from (1.22) we apply Fubini’s theorem. The 

domain for the first integral is the trapezoid 
{(a,A):1<A<R,0<a<A} 


and integrating first with respect to à we obtain 


eR . A . 1 1 . AR. 1 1 . 
x? J z’ dm; a= | 1- > dmg | =~ ` )z°dm,; 
J (j A) J z) [Jl Ji (; R) fl 
R 
<+ | adm; = O (1) 
J1 


The domain for the second integral is the strip 
{xr A): 1<A< R, A < x}. 


Integrating first with respect to A we obtain 


eR 1 OO 
/ \ oni —=(/ /log edmy j )d = 
oR OO 
2 | z log admy a + 2viogR | zy log adm) 7, = O(1) 
Ji JR 


and the proof is complete. < 


1.10 When the underlying measure space is infinite, e.g. the line R 
rather than T, we can use u({x: f(x)} > A) instead of the distribution 
function. For postive integrable functions it gives the complete infor- 
mation about the distribution of f. 

A slightly coarser gauge, which is often more transparent and easier 
than the distribution function to work with, even when the underlying 
measure is finite, is the “lumping” of dm, defined (for arbitrary mea- 
sure space {X, B, u}, finite or infinite), as follows: 


DEFINITION: For a measurable real-valued f and n € Z set 
m, =m,(f) = ur: 27} < | f(x)| < 2”}). 
Observe that: a) f is of weak type p if, and only if, m,,(f) = O (27"*), 
b) f € L? if and only if X% 2"?m,(f) < oo, in fact 


(1.23) Flite < So 2"? (fF) < PIE- 
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1.11 What we have done in 1.9 is interpolate, using what we know 
about the properties of an operator (the conjugation operator f > f) 
on L!(T) and on L?(T), to prove that it maps the intermediate space 
Llog L(T) into L! (T). 

The same method can be used to prove M. Riesz’ theorem below. 
We use the parameters m, rather than the distribution functions, and 
the reader should compare the first proof below to that of 1.9. 

Riesz’ original proof is given as second proof. 


Theorem (M. Riesz). For 1 < p < œ, the mapping f => f is a 
bounded linear operator on L? (T). 


We have mentioned already that for p = 2 the theorem is obvious 
(from Theorem I.5.5). From Parseval’s formula (I.7.1) it follows that 
if p and q are conjugate exponents, the mappings f > f in L?(T) and 
in L4(T) are, except for a sign, each other’s adjoints and consequently 
if one is bounded, so is the other and by the same bound. Thus it is 
enough to prove the theorem for 1 < p < 2. 


FIRST PROOF: Assume 1 < p < 2. We need to show that there exists a 
constant C, such that if f € L?(T) then f € L°(T), and ||fllp < Coll flp- 

Since |F|, < YZ 2"’m,,(f), we estimate m,,(f). Given n, we 
write f = fon + fin where font) = f(t) if |f(@)| > 2” (and is zero 
elsewhere) and f,,,(t) = f(t) if |f()| < 2”, (and is zero elsewhere). 
Since 1 < p < 2, fon € Lt and fin € L?. We have 


(1.24) lonl z < S$ 2"m,,(f), linl z2 < 52m, (f). 
n+l 


As f= fon + fins the inequality IFEI > 2” implies at least one of 


the inequlities | fo,n(t)| > 2n-1l or Finl > 2"-1_ so that 

(1.25) mn (f) < ut: fon) > PTY + wt: fin Ol > 2" ") 

By 1.6 we have 

(1.26) aUt: |fonðl > 2TH < lonli <a?” Y m (HA, 
n+l 


and since conjugation has norm 1 on Z? (T), 


~ : 2, F n a: 
(1.27) ulia O> 204) < Melts <o m. 
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It follows that 


m,,(f) < a27” X m,(f)2’ + e27?" y m;(f)2 


and |Z, < Y 2m, (A 


<a D 2 (2> D mA +2 Y mC) ) 


n+l 


=c3 (© 20DE- m (f) + Y 200- m, 2) 


n&j n>j 


the sums with respect to both n and j. Summing first with respect to n 
produces constants which depend only on p and we have 


fn < ep >> mj (f)2” < C(p) | flee. 
j < 


SECOND PROOF: Let f € L?(T), f > 0. Let f(re") be its Poisson inte- 
gral, f(re’) the harmonic conjugate, and H(re*) = f(re™) + if(re”). 
We may clearly assume that f does not vanish identically, and, since 
f > 0, it follows that f(re”) > 0, hence H(re”) Æ 0 in D. Let G(re’*) 
be the branch of (H(re’’))? which is real at r = 0. Let y be a real 
number satisfying 


(1.28) y<a, PY>>s; 
For 0 <r < 1 we have 
l Ja iNdt= 2 [icc Hlas a | |G(re*) lat 
on re L = On J; re at on u re at, 


where f, is taken over the set where |arg(H(z))| < y and fy is taken 
over the complementary set (defined by the condition y < |arg(H(z))| 
< 7/2, where z = re”). In f, we have 


|H(z)| < f(z)(cosy)7", 


hence 


1 . , 
(1.29) + J |Glre")|dt < (cosy)? [lf 
Qn JI 
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and, in particular, 
1 , 

(1.30) g [POC dt < (0089) 
T 

On the other hand, we have in f Ir 

(1.31) [G(z)| < R(G(z))(cos py) 


(both factors being negative). Now, since 


= / R(G(re"*))dt = G(0) = (F(0))?, 


it follows from (1.30) that 
1 ; ao, Eaa 
an | RG (re lat < (F(0))? + (cosy)? IF ho er 
20 II m) 


and this, combined with (1.31) and (1.29), implies 


1 ; > 
(1.32) g [CCa < elitls 


where cp is a constant depending only on p. 
Since |f(re®)|P < |H (rete = |G(re)|, it follows from (1.32), 
letting r — 1, that f € L” (T) and 


lfl < lf llr- 


The theorem now follows from the case f > 0 and the linearity of the 
mapping f + f. < 


EXERCISES FOR SECTION 1 


1. Show that there exists a constant A such that for all n, à and f € C(T), 
such that || fll < 1, 
t: Sn(f,t) > A}] < Ae * 


2. Show that for 1 < p < oo there exist constants A, such that for all n, A 
and f € L” (T), such that ||f||ze <1 


< Ap 
ESD > AP] < TE. 
3. Prove that if f € L” (T), 1 < p < œ, then 


lim || f(re") — f(e")||z» = 0. 
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4. Prove that if f € L” (T), g € LI(T), where pt + qt =1,1<p<oo 
then S°* f(n)a(n) converges. 

5. Show that Theorem 1.7 is sharp in the sense that there exist real valued 
functions f such that |f| < 1 and f e"!/?dt = œ. 
Hint: Take f = 2x4 — 1. i 

6. Prove that if f € C(T) then ef € L'(T) no matter how large || fllo is. 


Hint: Write f = P + fi where P is a polynomial and || f;|| < 1 
i it ia 
7. Show that log = Riog (Es )) is a constant multi- 
e —e 
ple of the conjugate function of the indicator function of (a, 3) by examining 
it ia 

a(es(E: 25) 

8. Let 1 < p < œ. Show that there exists a constant cp such that for f in 
L? (T), and à > 0, 


it ia 
e — e€ 
it 
et — e” 


HEIRED >A} < ell flea”. 


Remark: This is an immediate consequence of 1.11; try, however, to prove it 
by using 1.8. 

Hint: Assume that f is real valued. Denote U, = {t: f(e*) > A} and Vy = 
{t: f(e) < —A}. Denote by gx the indicator function of Ua; deduce from 
Parseval’s formula that (with q = p/(p — 1)) 


AlUAl < | Keha - | He Blea < Bal fuel los 
and use (1.15) to evaluate || g; l|za. Repeat for Vy. 


2 THE MAXIMAL FUNCTION OF HARDY AND LITTLEWOOD 


2.1 DEFINITION: The maximal function of a function f € L*(T) is 


the function 
1 ith 
TA far]. 
“Jt—h 


If we allow the value +00 then M;(t) is well defined for all ¢ € T. We 
shall see presently that Mp(t) is finite for almost all t € T and that Mẹ 
is of weak L-type. This will follow from the following simple 


(2.1) My(t) = SUP cnce 


Lemma (Vitali). From any family Q = {Iq} of intervals on T one can 
extract a sequence {I,,} of pairwise disjoint intervals, such that 


1 
> gUn 


(2.2) | v In 
n=l 
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PROOF: Denote a, = sup;cg|Z| and let J, be any interval of © satisfy- 
ing |A] > 3a; let Q2 be the subfamily of all the intervals in Q which 
do not intersect Jı. Denote a2 = sup;eg,|/| and let I2 € Q3 be such 
that |I| > 3a2. We continue by induction; having picked ,,..., Ty 
we consider the family 0,41 of the intervals of Q which intersect none 
of I;,j < k, and pick Iz+1 € OQp41 such that |Iz41| > 24,41 where 
@k+1 = SUPyeo,,,|/|. We claim that the sequence {J,,} so obtained sat- 
isfies (2.2). In fact, denoting by J„ the interval of length 4|/,,| of which 
I„ is the center part, we claim that [J] J, > U Za which clearly implies 
(2.2). 

We notice first that ax — 0 and consequently NN; = 9. For J € Q let 
k denote the first index such that J ¢ Q,; then 7 O I,_1 4 @ and, since 
e—1| > 2/1), Z C J,-1 and the lemma is proved. < 


2.2 Theorem. For f € L (T), My is of weak L* type. 


PROOF: Since M;(t) < M s(t), we may assume that f > 0. Let À > 0; 
if M(t) > à let I be an interval centered at ¢ such that 


(23) f f(Odt > AL. 


Thus we cover the set {t: M;(t) > A} by a family of intervals {J,}. Let 
{In} be a pairwise disjoint subsequence of {J,} satisfying (2.2). Then, 
by (2.2) and (2.3), 


(2.4) HEMO > AH < URL SAU] S Sor, SOH < S fo SEd 
< 


2.3 The maximal function of a bounded function is clearly bounded 
by the same bound so that the map f +> MM, has norm 1 in L®(T). 
The map is subliniear' rather then linear, but we can still interpolate 
between L'(T) and L®(T). 


Lemma. Let f € L'(T) and let m(X) = myp\(A) be the distribution 
function of |f|. Then 


(2.5) t: M(t) > 2A}| < Ta ydm(y). 


tAn operator S is sublinear if S(f1 + f2) is defined whenever S fı and S f2 are both 
defined, and if 
IS(f + f2)| < |Sfil + [S f2| a.e. 
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PROOF: Write f = g +h where g = f when |f| < A and h = f when 
|f| > A. We have Mp (t) < M,(t)+ M)(t) < (+ M(t); hence, by (2.4), 


ft: My(t) > 2A} < Ht: Malt) > A} < i [Moa < Ti ydm(y). 
< 


In terms of the “lumped” distribution this says, (with n shifted to n— 2), 


(2.6) = m,(My) <42 X 2/m;(f)=16 X 297" m;(f) 


jon-l jon-1 
Theorem. (a) For 1 < p < œ there exists a constant cp such that if 
f € L?(T), then My € L*(T) and |M;llte < cp||f || ze. 
(b) If f log*|f| € L1(T) then My € L! (T) and 
[Mpls <2+4 f flog" [flat 
JT 


PROOF: (a) If f € L*(T) then Y 27m, (f) < 2”||f|lfn- By (2.6), 


Mellin < $ 2"?m,(M;) < 16 SP 2t0-m;(f) 


jtl>n 
= 16 S22 NOY 27 maj (f) = 16 X 20-0" Y 27m (f) 
j+l>n n<l j 
<16 XO 207E = BIE 
n<l 


(b) If flog” |f| € L (T) then X; o jmj(f) < log 2-35 f|fllog™|f\- 


Mile <1+ 55 2"m,(My) <14+16 $O 2"*0-™m,(f) 


ni j+1>n>1 
=1416 Ð 2m,(f) = 14 16 OG + 1)2m;(/). 
j>01l<n<j4+l j>0 
by (2.6). < 


The use of the “lumped distribution” necessarily gives somewhat 
worse constants than the same proof done with the distribution func- 
tions. Here is the proof done “properly”. 
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PROOF: Denote by m(A) and n(A) the distribution functions of |f| and 
My, respectively. We can rewrite (2.5) in the form 


(2.7) 27 —n(2d) < SS y dm(y) < M f y? dm(y); 


hence if f € L?(T), 1 < p < œ, we have A Qr n(à}} > 0 as A > ow. 
We have || Mpls = a S APdn(A) = © fo APdn(2d); integrating by 
parts we obtain (1 < p < œ) 


[ yPdn(2X) = [AP (27 — n(2d))]8° + J * (on — n(2A))pAP dA 
0 J0 


< 8p fy AP? fX ydm(y}dà ifp>1 
Qn +8 f° AI f° ydm(y)dà ifp=1 


and integrating by parts again we finally obtain: 


(forp>1) f anga) P f Xam) = Pam tho 
0 P= 1 Jo 1 


f Adn (2A) < 27 + 8 / A log Adm(A) 
(for p=1) 0 1 


= 2r +8 | |fllos*[slat a 
JT 


2.4 Lemma. Let k be a nonnegative even junction on (—1,7), mono- 
tone nonincreasing on (0,7), such that f7 k(t)dt = 1. Then for all 
FELT) 


(2.8) fxe -— TE (rar < M;(t) 


PROOF: The definition (2.1) is equivalent to 


My(t) = supp cneg f onlt —7)f(r)dr 

where œp is the indicator function of (—A, h} multiplied by 1/2} (so that 
f ¢ndt = 1). A function k satisfying the conditions of the lemma can 
be uniformly approximated by convex combinations of ġa, 0 <h <7, 
and (2.8) is then obvious. < 
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2.5 Let f € L'(T), let f(re’) be its Poisson integral and let f(re’") be 
the harmonic conjugate, 


DEFINITION: The maximal conjugate function of f is the function 
fle") = supy<,<i|f(re")|. 
Theorem. Let f € L?(T), 1 < p < œ; then fi € L?(T) and 


lfl: < Cpl lla» 


PROOF: Since f(ret) is the Poisson integral of f(e) and the Pois- 
son kernel satisfies the condition of Lemma 2.4, we obtain FreD < 


M;(t). Hence fle) < M z(t) and the theorem follows from 2.3 and 
1.11. < 


2.6 We have defined the conjugate f of a function f € L (T) as the 
boundary value of the harmonic function f (ret) = (Q(r,-) * f)(t) where 


2r sint 
1 — 2r cost + r2 


(2.9) Q(r,t) = 
is the conjugate Poisson kernel. Since the limit 


sint cos t/2 t 
2.10 1,4) = li t) = = = cot 
(2.10) QUe) rol (rt) l—cost  sint/2 on? 


is so obvious and so explicit, we are tempted to reverse the order of the 
operations and write 


(2.11) f=Q0,t)* f 


The difficulty, however, is that Q(1,t) is not Lebesgue integrable so that 
the convolution (2.11) is, as yet, undefined. We propose to show next 
that, the convolution appearing in (2.11) can be defined as an improper 
integral and that, with this definition, (2.11) is valid almost everywhere. 


Lemma. For f € E1(T) and 3 = 1 —r, we have 


2-0 


E(r,t) = + f QU, T) Flt — r)dr — F(re)| < 4M). 
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PROOF: Write 


1 2nd 
Bert) |i f (01) Qtr) fle ~ rar 
(2.12) ? 


We notice that the function 


(1— ry sint 
(1 — cos t)(1 — 2r cost + r?) 
1 


=O P(r.) 


Qd, t) — Q(r, t) = 
(2.13) 


is odd, and is monotone decreasing on (0,7). For’ <t <7 


1- l-r,., — 
21,8) < +, (sin 0/2) Eg: 
so that 
(2.14) Q, t) — G(r, t) < aP(r, t). 


It follows that 


Beds f RUD- DIE- nar 


(2.15) lf 
<$ S PEDE- ldr sein. 


In order to estimate Fə(r,t) it is sufficient to notice that in (—9, 9) we 


have |Q(r,t)| < = and consequently 


v 


1 . 
(2.16) Bar) < ay J 


2 
t—T)|dr < =M A). 
ma} 


Corollary. 


SUP gen 


J QU) fli = nde] < fle) + 4M (e): 
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2.7 The estimates (2.15) and (2.16) are clearly very wasteful. They 
do not take into account the fact that Q(r, t} is odd and we can improve 
them by writing 


CD Birt) = |E [ (Q(1,7) — Qr,7)) (Ft 7) = F(t + 7))ar| 


and 


E (r t) — B [a ry (F(t —T) = f(t+7)) dr] 
(2.18) | on do 


<l (f(t 1) — fee myer 


where 0 < Jı < ð (the mean value theorem). 
At every point t of continuity of f, and more generally, at every 
point in which the primitive of f is differentiable, we have: 


(2.19) [ een — f(t-+7))dr = oth). 


By (2.18) it is clear that if (2.19) holds, E2(r, t} — 0. 
Theorem. Let f € L'(T); at every t € T for which (2.19) is valid we 
have, (0 =1-r), 


1 2r— t . , 
Etr) =| f Q(1,7) f(t T)dr — fre] > 0 
asr 1. 


PROOF: As in (2.12), E(r,t) < E,(r,t) + Eo(r,t). We have already 
remarked that under the assumption (2.19), lim,—1 Eo(r,t) = 0 so that 
we can confine our attention to E (r,t). For ¢ > 0, let 7 > 0 be such 
that for 0 < 0) <7 


aa 
(2.20) | i (f(t —7) — f+ 1))dr < ev, 
and write 


2r Ey (re) = | (| + I) (Q(1,7) — Q(r,7)) (f(t —r)—fit+ 7))ar| . 
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The second integral tends to zero by virtue of the fact that on (7,7), 
Q(r,T) — Q(1,7T} uniformly. The first integral is integrated by parts. 
Writing 


D1 
Bin) =f (H-7) - FET), 
0 
we see that it is bounded by 


? 


[®(¥1) (QU, 1) — Q(r, 01) ) I} +e 


[ dd(Q(1, 01) — Q(r, 01) 


integrating by parts once more and remembering that Q(1, 01) < m/v, 
it follows from (2.14) and (2.20) that Fy (r,t) < 10¢ + o(1) and the 
theorem is proved. < 


2.8 Let F be defined on T and assume that for all Y > 0, F is integrable 
on T \ (—v,¥). 
DEFINITION: The principal value of fy F(t)dt is 


v 2n 
PV f F(t)dt = lim | F(t)dt. 
T 9-0 Jo 


For f € L! (T) condition (2.19) is satisfied for almost all t € T; since 
f(re**) — f(t) almost everywhere, we obtain, 


Theorem. Let f € L'(T). The principal value of + f f(t—1) cot $dr 
exists for almost allt € T, and, almost everywhere, 


Fe) = PV f FCE — 1) cot Zdr 


2.9 Theorem 2.7 can be used both ways. We can use it to show the 
existence of the principal value of PV f f(t — r) cot $dr if we know 
that f(e*') exists or to obtain the existence of f(e*') at points where 


py ffa — 7) cot zdr 


clearly exists. For instance, if f satisfies a Lipschitz condition at t, 
that is, if |f (t + h) — f(t)| < K|k|* for some K > 0 and a > 0, then 
fo \f(t—7) — f(t+r)|cot Zdr < co and it follows that f(e”) exists and 


(2.21) fle) = = [ee 7) — f(t4 T)) cot cdr 
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If f satisfies a Lipschitz condition uniformly on a set E C T, that is, if 
for some K > 0 anda >0 


\fti+h) — f(t)| < KIA. forall t € E, 


then the integrals (2.21) are uniformly bounded and 


1 f 


on. (FE = 7) = f(t + 7)) cot 5dr > KED 


E 


uniformly in t € E as e — 0. It follows, reexamining the proof of 2.7, 
that f(re*} — f(e”) uniformly for t € E as r — 1. In particular, if F is 
an interval, it follows that f (ett) is continuous on Æ. 


2.10 Conjugation is not a local operation; that is, it is not true that if 
JŒ = g(t) in some interval J, then f(t) = g(t) on J, or equivalently, 
that if f(t} = 0 on J, then f(t} = 0 on J. However, 


Theorem. /f f(t) = 0 on an interval I, then f(t) is analytic on I. 


PROOF: By the previous remarks f is continuous on J. Thus the func- 
tion F = f +if is analytic in D and is continuous and purely imaginary 
on J. By Schwarz’s reflection principle F admits an analytic extension 
through 7, and since F(e‘') = if (e*t) on J, the theorem follows. < 


Remark: Using (2.21) we can estimate the successive derivatives of f 
at points ¢ € J and show that f is analytic on J without the use of the 
"complex" reflection principle. 


EXERCISES FOR SECTION 2 


The first three exercises were covered already in Theorem 1.8.4. The main 
point here is the localization (exercise 4). 

1. Assume f € Lip, (T), 0 < a < 1. Show that f € Lip, (T) forall o’ < a. 

2. Assume f € C”(T), n > 1. Show that f € C”-!(T) and fO? e 
Lip, (T) for all a < 1. 

3. Assume f € Lip, (T), 0 < a < 1. Show that f € Lip, (T) 
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f(t +h) — f(t) => [oe -h — 7) — f(t+h)) cot zdr 


1 
2r 


[ue T) f(t) cot Zdr 


2n —2h } 
=o) | (f(t— 7) — f(t+h)) cot Z “dr 
2h 


-f E (FE -7) — f(t) cot Zdr 


00+ f i (E= 7) - F(t)) (cot Ë — cot Z)ar 


2h 2 


2r—2h 
cot ali 


~(F(t-+h) FW) | 


J2h 


4. Localize exercises 1-3, that is, assume that f satisfies the respective 
conditions on an an interval J c T and show that the conclusions hold in J. 


3 THE HARDY SPACES 


In this section we study some spaces of functions holomorphic in 
the unit disc D. These spaces are closely related to spaces of functions 
on T and we obtain, for example, a characterization of L? functions 
and of measures whose Fourier coefficients vanish for negative values 
of n. We also prove that if for some f € L'(T), f(e) is summahie 
then S[f] = S[f], and, finally, we obtain results concerning the absolute 
convergence of some classes of Fourier series. We start with some 


preliminary remarks about products of Moebius functions. 


3.1 Let 0 < |¢| < 1; the function b(z,¢) = ea defines, as is 
well known, a conformal representation of D onto itself, taking ¢ into 
zero and zero into |¢|. The important thing for us now is that b(z, ¢) 
vanishes only at z = Ç and |b(z,¢)| = 1 on |z| = 1. If0 < |¢| < r, then 
b(2, £) = ro is holomorphic in 
and |b(2,£)| = 1 on |z| = r. For ¢ = 0 we define b(z, 0) = z. 

Let f be holomorphic in |z| < r and denote its zeros there by 
Ġ,..., Ck (counting each zero as many times as its multiplicity). The 


z| < r, vanishes only at z = ¢, 


roor 


—i 
function fi(z) = f(z) (11 b(2 &)) is holomorphic in |z| < r, is 
zero-free and satisfies |fi(z)| = |f(z)| for |z| = r. Since log] fi (z}| is 
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harmonic in |z| < r we have 


log| fı (0)| = = fioele 


and if we assume, for simplicity, that f(0})} 4 0, the formula above is 
equivalent to Poisson-Jensen’s formula: 


k 


1 , 
G1) toglf(0)| +108 T] ral = 5 J log| fre") dt. 


n=l 


We implicitly assumed that f has no zeros of modulus r; however, 
since both sides of the formula depend continuously on r, the above is 
valid even if f vanishes on |z| = r. The reader should check the form 
that Poisson-Jensen’s formula takes when f vanishes at z = 0. 

The term log [[*_, r|¢n|~! is positive, and removing it from (3.1) 
we obtain Jensen ’s inequality 


1 f i 
3.2) log|f(0)| < z | log| fre") lat 
or, if f has a zero of order s at z = 0, 
; 1 . 
logllim 2° f(2)| + log(r*) < z= f tog| f(re")lat 


Another form of Jensen’s inequality is: let f be holomorphic in 
|z| < r and let ¢/,...,¢/,, be (some) zeros of f in |z| < r, counted each 
one at most as many times as its multiplicity. Then 


m 


1 f ; 
6.3) los FO) + D lostriG[ 2) < gy J toi fire" 
Inequality (3.3) is obtained from (3.1) by deleting some (positive) terms 
of the form log(r|¢,,|~!) from the left-hand side. 
3.2 Let p > 0 and let f be holomorphic in D. We introduce the nota- 
tion 


3.4) hy( far) = 5 | (reat 


If0 <r < J and p < 1 we have f(rpe*) = fre’) x P(p,t) and conse- 
quently for p > 1 we have 


holf ro) = [Frie < fre) = alr) 
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or, in other words, h,(/,r) is a monotone nondecreasing function of r. 
The case p = 2 is particularly obvious since for f(z) = X` an2” we have 
ho(f,r) = X lan|?r?". We show now that the same is true for all p > 0. 


Lemma. Let f be holomorphic in D and p > 0. Then hp(f,r) is a 
monotone nondecreasing function of r. 


PROOF: We reduce the case of an arbitrary positive p to the case p = 2. 
Let r, <r <1. Assume first that f has no zeros on |z| < r and consider 
the function’ g(z) = (f(z))"/?; then 


1 1 | ne 
g flnetrae= z floe at si feia 
=x firea 

or hpl f, rı) < hp(f, r). 


If f has zeros inside |z| < r but not on |z| = r, we denote the zeros, 
repeating each according to its multiplicity, by &1,.-. , Ck, and write 


Be Gv 
Al) = #2 (6G, S) 


For |z| < r we have |f(z)| < |fi(z)|, for |z| = r we have |f(z)| = |fi(z)| 
and fı is zero-free in |z| < r. It follows that 


hol f, rı} < hp( fi, 11) < hpl fir) = hp(f, r). 


Since h,(f,r) is a continuous function of r, the same is true even if f 
does have zeros on |z| = r, and the lemma is proved, < 


3.3 Lemma. Let {n} be a sequence of complex numbers satisfying 
[n| < Land S°(1 — |G,|) < œ. Then the product 


Cal Cn a 
(3.5) b(z, Gn) = 2”" 
=I" I ea ene: > 


converges absolutely and uniformly in every disc D, = {z:|z| < r} 
r<i. 


t Any branch of (f(z))?/2. 
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PROOF: It is sufficient to show that }>|1 — aie | converges uni- 


formly in |z| <r < 1. But 


GalGn = 2) | _ | (Ion + Gn) =I) Lrg icy 
Gnl — zn) Gall — in) `I r n 
and the series converges XD (1 — |¢,,|) < œœ. < 


The product (3.5), often called the Blaschke product corresponding 
to {¢,}, is clearly holomorphic in D and it vanishes precisely at the 
points ¢,,. Nothing prevents, of course, repeating the same complex 
number a (finite) number of times in {¢,,}, so that we can prescribe not 
only the zeros but their multiplicities as well. Since all the terms in 
(3.5) are bounded by 1 in modulus, we have |B(z)| < 1 in D. 


3.4 We now introduce the spaces H? (H for Hardy) and NV (NV for 
Nevanlinna). 


DEFINITION: The space H”, p > 0, is the (linear) space of all func- 
tions f holomorphic in D, such that 


GO IAr = lim hp( Fer) = supo<r<ihplf, r) < o. 


The space M is the space of all functions f holomorphic in D, such that 


(3.7) lf ll = SUPp cpt - [oiei lat < Om. 

Remarks: (a) For p > 1, || ||ge as defined in (3.6) is a norm and we 
shall show later that H? endowed with this norm, can be identified with 
a closed subspace of L?(T). For p < 1, || ||?;» satisfies the triangle 
inequality and is homogeneous of degree p. It can be used as a metric 
for H”; || ||» is homogeneous of degree one but does not satisfy the 
triangle inequality. || |v is not homogeneous and does not satisfy the 
triangle inequality. 

(b) If p’ < p we have N > H” > HP. 


The space H? has a simple characterization: 


Lemma. Let f(z) = Yanz”; then f € H? if, and only if, Yg (anl? is 
finite. 


PROOF: ha(f,r) = Xo |an|?r?”. It follows that || flle = So lan’. < 
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An immediate consequence is that in this case f is the Poisson integral 
of fle) ~ Do ane. 


3.5 Lemma. Let f € N and denote its zeros in D by G, ¢2,..., each 
repeated according to its multiplicity. Then S~(1 — |Gn|) < 90. 


Remark: The convergence of the series )*(1—|¢,,|) is equivalent to the 
convergence of the product |]|¢,,| hence to the boundedhess (below) of 
the series X` log|¢,,| (not counting the zeros at the origin, if any). 


PROOF: We may assume f(0) 4 0. By Jensen’s inequality (3.3), if M 
is fixed and r sufficiently close to 1 


M 
log|,f(0)| — Ifl < So loglgn| — M log r. 
1 


Letting r — 1 we obtain 


M 
log| f(0)| = IF llv < So log|én| 
1 
and since M is arbitrary the lemma follows < 


3.6 If we combine Lemma 3.3 with 3.5 we see that if f € M, the 
Blaschke product corresponding to the sequence of zeros of f is a well- 
defined holomorphic function in D, having the same zeros (with the 
same multiplicities) as f and satisfying |B(z)| < 1 in D. If we write 
F(z) = f(2XB(2)}) t then F is holomorphic and satisfies |F(2)| > 
|f(z)| in D. We shall refer to f = BF as the canonical factorization 
of f. 


Theorem. Let f € HP, p > 0, and let f = BF be its canonical 
factorization. Then F € H? and ||F|| r = ||f || zr- 


PROOF: The Blaschke product B has the form 
N 
Ble) = Jim, 2" [] oe. 6): 


If we write Fy(z) = f(z)(2™ TIN blz, Gn) then Fy converges to F 
uniformly on every disc of the form |z| < r < 1. Since the absolute 
value of the finite product appearing in the definition of Fẹ tends to 
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one uniformly as |z| — 1, it follows from Lemma 3.2 that Fy € H” and 
|Fn lle = ||f lle. Let r < 1, then 


hp(Fr) = lim hy(Fysr) < lim | Fy |i = flr 


Now h,(F,r) < flr for allr < 1 is equivalent to |F] g» = || fla, 
and since the reverse inequality is obvious, the theorem is proved. < 


Theorem 3.6 is a key theorem in the theory of H? spaces. It allows 
us to operate mainly with zero-free functions which, by the fact of being 
zero-free, can be raised to arbitrary powers and thereby move from one 
H” to a more convenient one. This idea was already used in the proof 
of Lemma 3.2. Our first corollary to Theorem 3.6 deals with Blaschke 
products. 


3.7 Corollary. Let B be a Blaschke product. Then |(e*)| = 1 almost 
everywhere. 


PROOF: Since |B(z)| < 1 in D it follows from Lemma 1.2 that B(e*) 
exists as a radial (actually: nontangential), limit for almost all t € T. 
The canonical factorization of f = B is trivial, the function F is identi- 
cally one, and consequently 


1 ine 
Blin = z; JIBE Pan 


Since |B(e't)| < 1, the equality above can hold only if |B(e*)| = 1 
almost everywhere. < 


3.8 Theorem. Assume f € HP, p > 0. Then the limit lim,—., f (rett) 
exists for almost all t € T and, denoting it by f(e), we have 


e 1 ef 4t\(p 
lle = 5 JIP 


PROOF: The case p = 2 follows from 3.4. 

For arbitrary p > 0, let f = BF be the canonical factorization of 
f, and write G(z) = (F(z))"/?. Then G belongs to H? and conse- 
quently G(re*) > G(e*) for almost all t € T; at every such t, F(re**) 
converges to some F(e*) such that |F(e)|?/?2 = |G(e*)|. Since B 
has radial limit of absolute value one almost everywhere we see that 
f (ei) = lim f (re) exists and | f(e)? = |G(e"*)| almost everywhere. 
Now ||fÈr = IFR = Gl = $ fale Pat = $ fife)” and 
the proof is complete. < 


Ul. THE CONJUGATE FUNCTION 99 


3.9 The convergence assured by Theorem 3.8 is pointwise conver- 
gence almost everywhere. For p > 2 we know that f is the Poisson 
integral of f(e*) and consequently f(re‘’) converges to f(e**) in the 
L? (T) norm. We shall show that the same holds for p = 1 (hence for 
p > 1); first, however, we use the case p > 2 to prove: 


Theorem. Let 0 < p < p' and suppose f € H? and f(e") € LY (T). 
Then f € H”. 


PROOF: As before, if we write f = BF, G(z) = (F(2))P2, then G € 
H? and G(e"*) € L?” /P(T). G is the Poisson integral of G(e*) and 
consequently G € H??'/P which means F € H” , hence f € H”. < 
Corollary. Let f € L'(T) and assume f € L'(T): then (f +if) € H'. 
PROOF: We know (Corollary 1.6) that (f + if) € H” for all p < 1 and 
by the assumption (f + if)(e") € E1(T). < 
3.10 Theorem. Every function f in H! can be factored as f = fi fo 
with fi, fo € H?. 

PROOF: Let f = BF be the canonical factorization of f. We can take 
fi = FP, fh = BEV. < 
3.11 We can now prove: 


Theorem. Let f € H! and let f(e) be its boundary value. Then f is 
the Poisson integral of f(e"). 


PROOF: We prove the theorem by showing that f(re*) converges to 
f(e) in the Lt norm. This implies that if f(z) = > anz”, then a, are 
the Fourier coefficients of f(e’’) which is clearly equivalent to f being 
the Poisson integral of f(e*). 

Write f = fı fo with f; € H?, j = 1,2. 


Fe) = fle) = falre folre) = file") fale); 


adding and subtracting fı(e*)fə(re*) and using the Cauchy-Schwarz 
inequality, we obtain 


(fr eA < |lfellzz lire) Aall 
+ || fillz2||fo(re) — fale) 


Asr — 1, |f re — f;(e")||p2 — 0, and the proof is complete. < 
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Remark: See exercise 2 at the end of the section for an extension of 
the theorem to the case 0 < p < 1. 


Corollary. Let f € L (T) and f € L(T). Then Sf] = ŠĪS]. 


PROOF: From 3.9 and the theorem above follows that f (re) is the 
Poisson integral of f(e*) (see Remark 1.4). < 


3.12 Theorem. Assume p > 1. A function f belongs to HP if, and 
only if, it is the Poisson integral of some f(e*) € L?(T) satisfying 


(3.8) f(n)=0 forallin <0. 


PROOF: Let f € HP; by Theorem 3.11, f is the Poisson integral of 
f(e) and (3.8) is clearly satisfied. On the other hand, let f € L?(T) 
and assume (3.8); the Poisson integral of f, 


fire) = 5 finr e = 5 O 
0 0 


is holomorphic in D, and since || f(re’*)||z» < || f(e*) || z», it follows that 
f(z) © AP. < 


3.13 For p > 1, we can prove that every f € H” is the Poisson integral 
of f(e") without appeal to Theorem 3.11 or any other result obtained in 
this section. We just repeat the proof of Lemma 1.2 (which is the case 
p = œ of 3.12): if f € L(R), || f(re")||, is bounded as r — 1; we can 
pick a sequence r, — 1 such that f,,(e’") = f(r,e“) converge weakly 
in L?(T) to some f(e"). Since weak convergence in L?(T) implies 
convergenee of Fourier coefficients, it is clear that (3.8) is satisfied and 
that the function f with which we started is the Poisson integral of 
F). 

For p = 1 the proof as given above is insufficient. L! (T) is a sub- 
space of M (T), the space of Borel measures on T, which is the dual of 
C(T), and the argument above can be used to show that every f € H? 
is the Poisson integral of some measure u on T. This measure has the 
property 
(3.9) fi(n) =0,  foralln <0. 


All that we have to do in order to complete the (alternative) proof of 
Theorem 3.12 in the case p = 1 is to prove that the measures satisfying 
(3.9), often called analytic measures, are absolutely continuous with 
respect to the Lebesgue measure on T. 
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Theorem (F and M. Riesz). Let u be a Borel measure on T satisfy- 
ing 
(3.9) fin) =0, foralln <0. 
Then p is absolutely continuous with respect to Lebesgue measure. 
We first prove: 


Lemma. Let E C T be a closed set of measure zero. There exists a 
function vy holomorphic in D and continuous in D such that: 


(i) vple“)=1 onE, 


(3.10) (ii) kole) <1 on D\ E. 


PROOF: Since E is closed and of measure zero we can construct a func- 
tion y on T such that y(e*t) > 0 everywhere, y(e*} is continuously dif- 
ferentiable in each component of T \ Æ, y(e*) — œ as t approaches 
E, and (e) € L?(T). The Poisson integral Y(z) of y(e*) is positive 
on D and y(z2})} — œ as z approaches F. The conjugate function is 
continuous in D \ E (see the end of section 2) and consequently, if we 
put y(z) = TEHO then y is holomorphic in D and continuous in 
D\ E. At every point where y(z) < œ we have |y(z)| < 1, and as 
w(z) => œ, (z2) — 1. If we define p(z) = 1 on E then ọ satisfies 
(3.10). < 


PROOF OF THE THEOREM: Assume that „u satisfies the condition (3.9). 
We can assume /i(0) = 0 as well (otherwise consider jz: — ji(0)dt) and it 
then follows from Parseval’s formula that 


(3.11) (Fou) = f fau=0 


for every f € C(T) which is the boundary value of a holomorphic func- 
tion in D or, equivalently, such that f(n} = 0 for all negative n. Let 
E C T be closed and of (Lebesgue) measure zero. Let y be a function 
satisfying (3.10). Then, by (3.11) 


| p'du=0  forallm > 0 


and by (3.10) 
lim | gdp = uE). 


MFG 


Thus (E) = 0 for every closed set E of Lebesgue measure zero and, 
since u is regular, the theorem follows. < 
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3.14 Theorem 3.13 can be given a more complete form in view of the 
following important 


Theorem. Let f € H”, p > 0; then 
log| f(e")| € L'(T) 


Remarks: The same conclusion holds under the weaker assumption 
f E€ N. We state it for H? since we did not prove the existence of f (e**) 
for f € N (cf. [28], Vol. 1, p. 276). Since plog™|f| < |f|? we already 
know that log*|f(e'")| € L'(T). Thus the content of the theorem is that 
f (ett) cannot be too small on a large set. 


PROOF: Replacing f by z7™ f, if f has a zero of order m at z = 0, we 
may assume f(0) 4 0. Let r < 1; then, by Jensen’s inequality 


ogl fO- lar <5 fogto <0 


(where log” x = —logx if x < 1 and zero otherwise). It follows that 
flog| f(re"*)||dt is bounded as r — 1 and the theorem follows from 
Fatou’s lemma. < 


Corollary. /f f 4 0 isin H’, f(e*) can vanish only on a set of measure 
zero. 


Combining Theorem 3.13 with our last corollary we obtain that ana- 
lytic measures are equivalent to Lebesgue’s measure (1.e., they all have 
the same null sets). 


3.15 Theorem. Let E be a closed proper subset of T. Any continuous 
function on E can be approximated uniformly by Taylor polynomials*. 


PROOF: We denote by C(£) the algebra of all continuous functions on 
E endowed with the supremum norm. The theorem claims that the 
restrictions to E of Taylor polynomials are dense in C(F). 

If a measure y carried by E is orthogonal to all 2”, n = 0,1,..., 
it is analytic: (z",u) = A(n) = 0, and hence u = fdt with f € H', f 
carried by E. By Theorem 3.14, f = 0. Hence there is no nontrivial 
functional on C’(E), which is orthogonal to all Taylor polynomials, and 
the theorem follows from the Hahn-Banach theorem. < 


tWe use the term "Taylor polynomial" to designate trigonometric polynomials of the 
form ane”, 
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3.16 We finish this section with another application of 3.10. 
Theorem (Hardy). Let f(z)= Xo anz” €H'. Then XYY |an|n7* <oo. 


Remark: The theorem can also be stated: Let f € L'(T) satisfy (3.8), 
then Yn < | fll. 


PROOF: If F(e**) is a primitive of f(e”) then F is continuous on T and 
consequently its Fourier series is Abel summable to F at every t € T. 
In particular 77° (a,/n)r” tends to a finite limit as r — 1. If we assume 
a, > 0 for all n then EF an/n is clearly convergent (compare with 
1.4.2). 

In the general case we write f = fifo with f; = X Ajn” € H’, 
j= 1,2. Write f} (2) = DJA; ale", and Fe) = RORO = Dane’. 

The functions f; are clearly in H > hence f* € H! and, since až > 0, 
it follows from the first part of the proof that $` (až /n} < oo. But 


Te n 
jan] = [X At¢A2.n—n| < S7|A1.¢||A2n—a =a, 
k=0 k=0 


and the theorem follows. < 


3.17 Let f € H! and assume that f(e”') is of bounded variation on 
T. If f ~ Xo ane’™ then XY inane’ is the Fourier-Stieltjes series 
of df. Thus the measure df satisfies the condition of Theorem 3.13 and 
consequently df = f’dt and f'(z) is in Ht. Combining this with 3.16 
we obtain: 


Theorem. Let f € H! and assume that f(e") is of bounded variation 
oO 


onT. Then f(e") is absolutely continuous and Y| f(n)| < o. 
An equivalent form of the theorem is (see 3.9): 


Theorem. Let f,f € EA(T) and assume that both f and f are of 
bounded variation. Then both f and f are absolutely continuous. and 


EZ) < 00. 


EXERCISES FOR SECTION 3 


1. Deduce Theorem 3.13 (F. and M. Riesz) from Theorem 3.11. 
2. Show that for all p > 0, if f € HP”, then f|f(e*) — f(re*) Pdt — 0 as 


r=l. 
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Hint: Reduce the general case to the case in which f is zero-free. In the case 
. D . 1 
that f is zero-free, write fı = f2; then fı € H” and 


Fle") — fre") = (file) — ADe) + fi(re")); 


hence show that if the statement is valid for 2p is also valid for p. Use the fact 
that it is valid for p > 2. 

3. Let E be a closed set of measure zero on T. Let y be a continuous 
function on Æ. 

(a) Show that there exists a function ®, holomorphic in D and continuous 
on D such that 6(e") = y(e*) on E. 

(b) Show that ® can be chosen satisfying the additional condition 


sup. pl) = SuPer eglle”) 


Hint: Construct ® by successive approximation using 3.15 and Lemma 3.13. 
4. Let f € L' (T) be absolutely continuous and assume f’ log™|f’| € L’ (T). 
Prove that Y| f(n)| < oo. 


Chapter IV 


Interpolation of Linear Operators and the 
Theorem of Hausdorff-Young 


Interpolation of norms and of linear operators is really a topic in 
functional analysis rather than harmonic analysis proper; but, though 
less so than ten years ago, it still seems esoteric among authors in func- 
tional analysis and we include a brief account. The interpolation theo- 
rems that are the most useful in Fourier analysis are the Riesz-Thorin 
theorem and the Marcinkiewicz theorem. We give a general description 
of the complex interpolation method and prove the Riesz-Thorin theo- 
rem in section 1. In the second section we use Riesz-Thorin to prove 
the Hausdorff-Young theorem. We do not discuss the Marcinkiewicz 
theorem although it appeared implicitly in the proof of theorem ITI.1.9. 
We refer the reader to Zygmund ([28] chap. XII) for a complete account 
of Marcinkiewicz’s theorem. 


1 INTERPOLATION OF NORMS AND OF LINEAR OPERATORS 


1.1 Let B be a normed linear space and let F be defined in some do- 
main Q in the complex plane, taking values in B. We say that F is 
holomorphic in Q if, for every continuous linear functional u on B, the 
numerical function h(z) = (F(z), p) is holomorphic in 2. Assume now 
that B is a linear space with two norms || ||p and || ||; defined on it. We 
consider the family 6 of all B-valued functions which are holomorphic 
and bounded, with respect to both norms, in a neighborhood of the strip 
Q = {2:0 < R(z) < 1}. Bisa linear space which we norm as follows: 
for F € B put 


(1.1) IFI = sup, {E @y)llo: IEC + iyd}. 


For 0 < a < 1, the set Ba = {F € B: F(a) = 0} a linear subspace of 
B. We shall say that || ||o and || ||, are consistent if Ba is closed in 6 for 
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all0 < a@ < 1. A convenient criterion for consistency is the following 
lemma: 


Lemma. Assume that for every f € B, f #0, there exists a functional 
u continuous with respect to both || ||o and || ||ı , such that (f, u) # 0. 
Then || ||o and || |ı are consistent. 


PROOF: Let0 <a < landlet F, € B, Fa — F in B. Let u be an 
arbitrary linear functional continuous with respect to both norms. The 
functions (Fn(z), p) are bounded on the strip Q and tend to (F(z), p) 
uniformly on the lines z = iy and z = 1+ iy. By the theorem of 
Phragmen-Lindeléf the convergence is uniform throughout 2 and in 
particular (F(a), p) = lim,..(Fila@),u = 0. Since this is true for 
every functional It it follows that F(a) = 0, that is, F € Ba and the 
lemma is proved. < 


Remark: The condition of the lemma is satisfied if || ||o and || ||ı both 
majorize a third norm || ||2. This follows from the Hahn-Banach theo- 
rem: if f # 0, there exists a functional u continuous with respect to || ||2 
such that (f, u) 4 0. It is clear that if, || ||; > || I2 then x is continuous 
with respect to || ||;, 7 = 0,1. 


1.2 We interpolate consistent norms on B as follows: for 0 < a < 1, 
the quotient space B/B,, is algebraically isomorphic to B (through the 
mapping F +> F(a)). Since Ba is closed in B, B/Ba has a canonical 
quotient norm which we can transfer to B through the aforementioned 
isomorphism; we denote this new norm on B by || |ie- 

The usefulness of this method of interpolating norms comes from 
the fact that it permits us to interpolate linear operators in the following 
sense: 


Theorem. Let B (resp. B’) be a normed linear space with two consis- 
tent norms || ||o and || ||, (resp. || || and || ||. Denote the interpolating 
norms by || || (resp. || ||), 0 <@& < 1. Let S be a linear transformation 
from B to B' which is bounded as 


s . 
(1.2) (Bly > (BSW Mh) 9 = 9,1. 
Then S is bounded as 
s 
(1.3) (B, Hla => (BY! a, 


and its norm ||S|| a satisfies 


(1.4) Slo < [Silo “SIP. 
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PROOF: We denote by 8’ the space of holomorphic B’-valued functions 
which is used in defining || ||. The map B 5, B' can be extended to a 
map B È B' by writing SF(z) = S(F(z)). To show that SF so defined 
is holomorphic, we consider an arbitrary functional u continuous with 
respect to || || or || ||{ and notice that (SF(z), p) = (F(z), S* u). Since 
SF (z) is clearly bounded it follows that SF € B’. 

Let f € B, || Flle = 1; then there exists an F € B such that F(a) = f 
and such that || F|| < 1+ £. Applying S to F, we obtain 


ISflla < [SF] < + £) max(|/S}lo, ||S]l1); 


hence 
|Slla < max(||SJo, ||S|]1) 


which proves the continuity of (1.3). To prove the better estimate (1.4), 
we consider the function e°- F(z), where e* = ||Sllo, ||S||;'. We 
have 


ISa < SEET LRE 
= sup, {e7** [SF (it) llo; CTP [SFO + itli} 
< (1+¢)sup{e~?||Sllo, eC ®]S]} 
= (1 + 8)ISI67"ISI$ < 


Remark: The idea of using the function e?*-~ goes back to Hadamard 
(the "three-circles theorem"); it can be used to show that, for every 
JEB, 


(1.5) Fla < MAIT NANE 


1.3 A very important example of interpolation of norms is the follow- 
ing: let (¥, dr) be a measure space, let 1 < po < pı < œ, and let B 
be a subspace of L”° N L” (dr). We claim that the norms || Ilo and || |[1 
induced on B by L™ (dr) and L”! (dr), respectively, are consistent. By 
Lemma 1.1, all we have to show is that, given f € B, f # 0, there exists 
a linear functional jz, continuous with respect to both norms, such that 
(f, 4) # 0; we can take as u the functional defined by (f, u) = f fgdr 
where g € L! N L®(dr) has the property! that fg > 0 whenever |f| > 0. 


TIf we write f = | flet? with real-valued y, we may take g = min (1, | f |P0)et®?. 
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Theorem. Let (¥, dr) be a measure space, B = L™® N L™ (dr) (with 
1 < po < pı < œ). Denote by || ||;, the norms induced by L”’ (dx), and 
by || ||la the interpolating norms. Then || ||. coincides with the norm 
induced on B by L?« (dy) where 


Popi Po . 
1.6 = — Por, (= Po =o). 
(1.6) p pa + pi(l—a) Tou PP o0) 
PROOF: Let f € B and ||fl]lpe < 1. Consider F(z) = |f|*@+°tl et? 
where f = | fle’? and 


ga Pom (=. if n=0) 
poa + pi(1—a) l-o 1 


We have F(a) = f and consequently || fla < |||]. Notice now that 
(Flip = |f [178% = |,f?2/?9| so that 


[Flo = (fear) <a 


similarly || (1+ it)||ı < 1 (use the same argument if pı < oo and check 
directly if pı = œ); hence ||f||_ < 1. This proves || |o < || Izr. In 


order to prove the reverse inequality, we denote by qo, qı the conjugate 
exponents of pọ and pı and notice that the exponent conjugate to pa is 


> God qs 
(1.6) l = patalla) (=2 if q = 0) 
We now set B’ = L® N L” (dr) and denote by B’ the corresponding 
space of holomorphic B’-valued functions. 

Let f B and assume || f||z2a > 1; then, since B’ is dense in L4% , there 
exists a g € B’ such that ||g||z2. < 1 and such that f fgdr > 1. As in the 
first part of this proof, there exists a function G € B’ such that G(a) = g 
and ||G|| (with respect to qo, q1) is bounded by 1. Let F € B such that 
F(a) = f . The function h(z) = fF(2)G(z)dr (remember that for each 
z € Q, F(z) € Band G(z) € B’) is holomorphic and bounded in Q (see 
Appendix A). Now h(a) > 1, hence, by the Phragmén-Lindeléff theo- 
rem, |h{z)| must exceed 1 on the boundary. However, on the boundary 
RD < \|F'||||G]| < ||F|| so that ||F]| > 1. This proves || f||_ > 1 and it 


follows that || ||, and || ||z2a are identical. < 


1.4 As a corollary to Theorems 1.2 and 1.3, we obtain the Riesz- 
Thorin theorem. 
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Theorem. Let (¥, x) and (2,9) be measure spaces. Let B = LP M 
L”: (dy) and B! = L” N L” (dy), and let S be a linear transformation 
from B to B', continuous as S: (B, || |z) > (B’,|| lj), j = 0,1, where 
I Ili (resp. || \|j) is the norm induced by L”: (dr) (resp. L”:(dy)). Then S 
is continuous as 


S: (B,|| lle) (B^ |) Ila) 


where || |la, (resp. || ||) is the norm induced by L®= (dz) (resp. LP«(dn)), 
Pa and pl, are defined in (1.6)). 


A bounded linear transformation S from one normed space B to 
another can be completed in one and only one way, to a transformation 
having the same norm, from the completion of B into the completion 
of the range space of S. Thus, under the assumption of 1.4, S can 
be extended as a transformation from L”? (r) into L?«(y) with norm 
satisfying (1.4). The same remark is clearly valid for Theorem 1.2. 


1.5 Our first application of the Riesz-Thorin theorem is Bochner’s 
proof of M. Riesz’ Theorem JIT.1.11. We show that L” (T) admits con- 
jugation if p is an even integer. It then follows by interpolation that the 
same is true for all p > 2, and by duality, for all p > 1. 

Let f be a real-valued trigonometric polynomial and assume, for 
simplicity, f(0) = 0. As usual we denote the conjugate by f and put 
f = 4(f +if). f? is a Taylor polynomial? and its constant term is 
zero; the same is clearly true for (f’)”, p being any positive integer. 
Consequently 


= f (P())Pat = 0. 


Assume now that p is even, p = 2k, and consider the real part of the 
identity above; we obtain: 


z [Pu i [ora (2) fora 


—..-=0, 
By Hölder’s inequality 


1 


gg [Prepa < | FPS? FEE 


+ We use the term "Taylor polynomial" to designate trigonometric polynomials of the 
form yy eint, 
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hence 


I 


on 2k\ x op ‘ 2h\ x op 
the < (MARS e + CEDIA + 


or, denoting 
Y = |[fllc*||F lize 


we have 


y% < Ge + CE praa 1 


which implies that Y is bounded by a constant depending on k (i.e., 
on p). Thus the mapping f > f is bounded in the L?(T) norm for all 
polynomials f, and, since polynomials are dense in L?(T), the theorem 
follows. 


EXERCISES FOR SECTION 1 


1. Prove inequality (1.5). 

2. Let {an} be a sequence of numbers. Find min(S“|an|) under the con- 
ditions }°Jan|? = 1, ))lan|* = a. 3. Let B be a vector space with consistent 
norms || ||o, || ||1, and B a space of linear functionals on B which are continu- 
ous with respect to both || ||o and || ||1. Let || ||} be the norm on B induced by 
the duality with (B, || ||;), 7 = 0, 1, and || ||% the interpolating norms. Let || ||e* 
be the norm on B induced by the dual of (B, || ||). Prove that for f € B, 


lfl < FI. 
4. Let (X, B) be a measurable space, and let u and v be positive measures 
on it. Let B = L? (X, B, p) 0 L? (X, B, v). 
i. What are necessary and sufficient conditions for the consistency of the 
norms (on B): || |lo = || Ilz2¢, and || |] = |I lz2¢)- 


ii. When the norms above are consistent, what are the interpolating norms 
Ile? 


1 
5, Let0 < a < b. For f € C*(T), define ||fllo = (EIP) * and 


1 
Ifl = (FIAn ” Show that the norms so defined are consistent on 


C™ (T) and find the interpolating norms || ||... 

6. Assume 0 < a < b. What are the interpolating norms between the ones 
induced on C™ (T) by C° (T) and by C°(T)? 
Hint: For f € L'(T) define ||f\lw.. = ||Woe(f)|l-o; the notation is that of 
1.8.2. For0 < a < b, and for f € C™(T), define || f\lo = sup,||f\|w..2 and 
Ifl = sup, |lfllw22”". 
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2 THE THEOREM OF HAUSDORFF-YOUNG 


The theorem of Riesz-Thorin enables us to prove now a theorem 
that we stated without proof at the end of 1.4 (Theorem 1.4.7); it is 
known as the Hausdorff- Young theorem: 


2.1 Theorem. Let 1 < p < 2 and let q be the conjugate exponent, 
that is, q = p/(p— 1). ff € L°(T) then 7 |f(n)|* < œ. More precisely 


(SIA < [flle 


PROOF: The mapping F : f > {f(n)} is a transformation of functions 
on the measure space (T, dt) into functions on (Z, dn), Z being the group 
of integers and dn the so-called counting measure, that is, the measure 
that places a unit mass at each integer. We know that the norm of the 
mapping as L! (T) = L®(Z) = 4° is 1 (1.1.4) and we know that it is an 
isometry of L°(T) onto £7(Z) = @ (1.5.5). It follows from the Riesz- 
Thorin theorem that F is a transformation of norm < 1 from L?(T) into 
LI(Z) = €%, which is precisely the statement of our theorem. We can 
add that since the exponentials are mapped with no loss in norm, the 
norm of F on L?(T) into 4% is exactly 1. < 


2.2 Theorem. Let 1 < p < 2 and let q be the conjugate exponent. If 
{an} € & then there exists a function f € L9(T) such that an = f(n). 
Moreover, || f||ra < © lan P). 


PROOF: Theorem 2.2 is the exact analog to 2.1 with the roles of the 
groups T and Z reversed. The proof is identical: if {ap} € ¢! then 
f(t) = Y ane” is continuous on T and f(n) = an. The case p = 2 is 
again given by Theorem 1.5.5 and the case 1 < p < 2 is obtained by 
interpolation. < 


2.3 We have already made the remark (end of 1.4) that Theorem 2.1 
cannot be extended to the case p > 2 since there exist continuous func- 
tions f such that X| f(n)|? = = œ for all ¢ > 0. An example of such 
a function is f(t) = Xs aise (see [28], vol. I, p. 199); 
another example is g(t) = $7 m~?2-""/? fm(t) where fm are the Rudin- 
Shapiro polynomials (see exercise 6, part c of I.6). We can try to ex- 
plain the phenomenon by a less explicit but more elementary construc- 
tion. 

The first remark is that this, like many problems in analysis, is a 
problem of comparison of norms. It 1s sufficient, we claim, to show 
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that, given p < 2, there exist functions g such that ||glo < 1 and 
S“|g(n)|P is arbitrarily big. If we assume that, we may assume that our 
functions g are polynomials (replace g by o,(g) with sufficiently big 
n) and then, taking a sequence p; — 2, g; satisfying ||9;||o << 1 and 
3719;(m)|?? > 27 we can write f = $ j~1te’""#'g;(t) where the integers 
m; increase fast enough to ensure that e’”/'g,;(t) and e’™*’g,(t) have 
no frequencies in common if j Æ k. The series defining f converges 
uniformly and for any p < 2 we have 


Dif a =D js Jam)? E aam = 


pp” 


One way to show the existence of the functions g above is to show that, 
given £ > 0, there exist functions g satisfying 


(2.1) lgl <1, IIgllz2 > 


In fact, if (2.1) is valid then 


Delany? > e>? Y lP > 


and if £ can be chosen arbitrarily small, the corresponding g will have 
\jə(n) P arbitrarily large. 

Functions satisfying (2.1) are not hard to find; however, it is im- 
portant to realize that when we need a function satisfying certain con- 
ditions, it may be easier to construct an example rather than look for 
one in our inventory. We therefore include a construction of functions 
satisfying (2.1). The key remark in the construction is simple yet very 
useful: if P is a trigonometric polynomial of degree N, f € L! (T) and 
à > 2N is an integer, then the Fourier coefficients of y(t) = f(At) P(t) 
are either zero or have the form f(m)P(k). This follows from the iden- 
tity (2) = Y ym+k=n f(m)P(k) and the fact that there is at most one 
way to write n = àm + k with integers m, k such that |k| < N < 4/2. 

Consider now any continuous function of modulus 1 on T, which is 
not an exponential (of the form e’”*); for example the function y(t) = 
est, Since Yý? = ||u||?. = 1 and the sum contains more than one 
term, it follows that sup|:(n)| = p < 1. Let M be an integer such that 
pM < s. Letn < 1 be such that n” > $. Let y = on(v), where the 
order N is high enough to ensure 7 < |y(t)| < 1. It follows from the 
preceding remark that if we set \ = 3N and g(t) = Tj: plit), the 
Fourier coefficients of g are products of M Fourier coefficients of y; 


1 a 
z Sup,lg(n)| < e- 
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hence |9(n)| < p™% < £. On the other hand § < n” < |g(t)| < 1 and 
(2.1) is valid. 


2.4 We can use the polynomials satisfying (2.1) to show also that The- 
orem 2.2 does not admit an extension to the case p > 2. In fact, we 
can construct a trigonometric series )>a,,c’"’ which is not a Fourier- 
Stieltjes series, and such that }°|a,,|? < œ for all p > 2. 

Let g; be a trigonometric polynomial satisfying (2.1) with € = 2~/. 
Since now p > 2 we have 


Dlo <P? DAD < Q7I(P-2) 


and consequently, for any choice of the integers m;, X jet g(t) = 
Sane’ does satisfy Y` |a|? < oo for all p > 2. We now choose the 
integers m; increasing very rapidly in order to well separate the blocks 
corresponding to je’”/'g;(t) in the series above. If we denote by N; 
the degree of the polynomial gj, we can take m; so that m; — 3N; > 
mj-1 + 8Ny-1. If) a,e’™ is the Fourier-Stieltjes series of a measure u 
then 

amgt 


prey = je™tg; (Vy, being de la Vallée Poussin’s kernel) 


and consequently 


. J 
3lellaun > jllg > 1 


which is impossible. We have thus proved 


Theorem. (a) There exists a continuous function f such that for all 
p< 2, Si f(n)|? = o. | 

(b) There exists a trigonometric series, X ane”, which is not a Fourier- 
Stieltjes series, such that X| f(n)|P < co for all p > 2. 


Both statements can be improved. See Appendix B. 


2.5 We finish this section with another construction: that of a set E 
of positive measure on T which carries no function with Fourier coeffi- 
cients in Æ for any p < 2. Such a set clearly must be totally disconnected 
and therefore carries no continuous functions. Its indicator function, 
however, is a bounded function whose Fourier coefficients belong to no 
Pop <2. 


Theorem. There exists a compact set E on T such that E has pos- 
itive measure and such that, the only function f carried by E with 
LIFO < co for some p < 2, is f =0. 
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First, we introduce the notation’ 


(2.2) flees = supl fD flre = (STAY: 
and prove: 


Lemma. Lete > 0, 1 < p< 2. There exists a closed set Ez, C T 
having the following properties: 

(1) The measure of Ez p is > 27 — €. 

(2) If f is carried by Ee p then 


lfl < ellf llre - 


PROOF: Lety > 0. Put 


y 


(t) = ar for 0<t<~y mod 2r 
Pay 1 fory <t<2r mod 27. 


Then, by Theorem 2.1 


1 


1 1 1 
(2.3) ley l| Fea < lelle < 2nyP 5 where p + q =1. 


We notice that $, (0) = 0 so that, if we choose the integers 1, A2,..., AN 
increasing fast enough, every Fourier coefficient of yw pyAjt) is es- 


sentially a Fourier coefficient of one of the summands. It then follows 
that 


N 
1 1 
(2.4) |p Ded SNe erle 
7 ; 
We take a large value for N and put y = £/N and 
1x 
2) == eye), 
1 
Then, by (2.3) and (2.4), it follows that 
[Ēl|re < ány 1 Nat = Arer Na r 
so that if N is large enough ||®|| zz < £. We can take 


Esp = {t: P(t) =1}= (HE: oA) =1}. 


İNotice that || || 7x1 is the same as || lac- 
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Since y,(A;t) # 1 on a set of measure y, it follows that 
|E pl > 2a — Ny = 2a — €. 


Now if f is carried by Ee p, then for arbitrary n, 


F — 1 —int — i —int 
Fin) = z Perm par y f OOd 
It follows from Parseval’s formula that 


E= X F- mem) < laler lf lee < elf lre; 


and the proof of the lemma is complete. < 


PROOF OF THE THEOREM: Take E = O% Een pn Where en = 37”, and 
Pn = 2 — £n. The measure of E is clearly positive, and if f is carried by 


E and ||f|| Fe < œ, it follows that for all n large enough 


If lle < enll flleeon < enllf leer, 


hence f = 0 and so f =0. < 


EXERCISES FOR SECTION 2 


1. Verify that 2-°"+)/? fm (fm, as defined in exercise 6 part c) of I.6, 
satisfy (2.1) when 27-0"? < e. 

2. Show that ifN > 7! and if mn increases fast enough, then g, defined 
by: g(t) = eV" for 2an/N <t < 2r(n+1)/N,n = 0,..., N, satisfies (2.1). 

3. Let {an} be an even sequence of positive numbers. A closed set E C T 
is a set of type U (an) if the only distribution u carried by E and satisfying 
fi(n) = olan) as |n| — œ, is u = 0. Show that if an — 0 there exist sets Æ of 
positive measure which are of type U (an). Hint: For 0 < a < m we write (see 
exercise 3 of 1.6): 


1—a™jt| lt] < 
sod al <a 


0 a< |t| <ar. 


We have Aa € A(T), ||Aallam) = 1, and A.(0) = a/27. Choose n; so that 
|n| > nj; implies a, < 1077; put Bj = {t: Az- (2n;t) = 0} and E = nF, Bj. 
Notice that |E| > 2x — $` 217 > 0. If wis carried by E we have, for all m and 
j, (et A3- (nt) H) = 0 since Az- (2n;t) vanishes in a neighborhood of E. 
By Parseval’s formula 
-j ee 
0 = (e Asono H) = S- Am) + Dan (k) jim + 2nzk). 
PAN 
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Ifn; > |m] and if |fa(n)| < an we have for k > 0, [Alm + 2n;k)| < 1077, hence 
(3-9 /2x)|f(m)| < 109. Letting 7 — oo we obtain fi(m) = 0, and, m being 
arbitrary, js = 0. 


Chapter V 


Lacunary Series and Quasi-analytic 
Classes 


The theme of this chapter is that of 1.4, namely, the study of the 
ways in which properties of functions or of classes of functions are 
reflected by their Fourier series. 

We consider important special cases of the following general prob- 
lem: let A be a sequence of integers and B a homogeneous Banach 
space on T; denote by B4 the closed subspace of B spanned by {eh ye, 
or, equivalently, the space of all f € B with Fourier series of the form 
ven axet. Describe the properties of functions in Ba in terms of 
their Fourier series (and A). An obvious example of the above is the 
case of a finite A in which all the functions in B, are polynomials. If 
A is the sequence of nonnegative integers and B = L?(T), 1<p< 
oo, then Ba is the space of boundary values of functions in the cor- 
responding H”. In the first section we consider lacunary sequences 
A and show, for instance, that if A is lacunary a la Hadamard then 
(£1(T)), = (L£1(T)), and every bounded function in (Z!(T))q4 has an 
absolutely convergent Fourier series. 

In the second section we prove the Denjoy-Carleman theorem on 
the quasi-analyticity of classes of infinitely differentiable functions and 
discuss briefly some related problems. 


1 LACUNARY SERIES 


1.1 A sequence of positive integers {A,,} is said to be Hadamard la- 
cunary, or simply lacunary, if there exists a constant q > 1 such that 
Anti > gàn for all n. A power series X` anzò™ is lacunary if the se- 
quence {àn} is, and a trigonometric series is lacunary if all the fre- 
quencies appearing in it have the form +, where {An } is lacunary. 
The reason for mentioning Hadamard’s name is his classical theo- 
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rem stating that the circle of convergence of a lacunary power series is a 
natural boundary for the function given by the sum of the series within 
its domain of convergence. The general idea behind Hadamard’s theo- 
rem and behind most of the results concerning lacunary series is that the 
sparsity of the exponents appearing in the series forces on it a certain 
homogeneity of behavior. 


1.2 Lacunarity can be used technically in a number of ways. Our first 
example is "local"; it illustrates how a Fourier coefficient that stands 
apart from the others is affected by the behavior of the function in a 
neighborhood of a point. 


Lemma. Let f € L! (T) and assume that f(j) = 0 for all j satisfying 
1 < |no — j| < 2N. Assume that f(t) = O (t) as t > 0. Then 


(1.1) |f(no)| < 2x4 (N= SUP), en -174 lt FE) + Nfl) 


PROOF: We use the condition f(j) = 0 for 1 < |no— j| < 2N as follows: 
if gy be any polynomial of degree 2N satisfying gj (0) = 1, then 


fw) = 5 f Faw (tat 


As gn we take the Jackson kernel, Jy = ||Ky| ip Kĉ. By 1.(3.10), and 


| \2 
the estimate ||K y [22 = oy (1 — vil) > X, we obtain 


Jy (t) < 204 N37, 


We now write 


fals 5 [Ondt = 


. . à 1 
(f at] tfaa VOO 
t< N1  JN-le|th<N-1/4 JNA <|t| <r T 


The first integral is bounded by 


_ 1 _ _ 
N= supena lt FO) f [Jx (Ð)ldt = N- supy cn lt FO). 


The second integral is bounded by 


,NT1/4 


rN? supiyen-vele £0) | t dt < WN supena lt fE). 
JNT 
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The third integral is bounded by 


PN [| f(|dt=2nN-* IIa. 
Adding up the three estimates we obtain (1.1). < 


Corollary. Let {àn} be a lacunary sequence and f ~ X` an Cos Ant 
be in L'(T). Assume that f is differentiable at one point. Then an = 
o( Ay"): 


PROOF: Assume that f is differentiable at t = 0. Replacing it, if nec- 
essary, by f — f(0)cost — f’(0)sint we can assume f(0) = f'(0) = 0. 
It follows that f(t) = o(t) as t — 0. The lacunarity condition on {An} 
is equivalent to saying that there exists a positive constant c such that, 
for all n, none of the numbers j satisfying 1 < [An — j| < càn, is in 
the sequence; hence f(j) = 0 for all such j. Applying the lemma with 
no = An and 2N = càn, we obtain ap = 2f (An) = o(Az"). < 


Corollary. The Weierstrass function X 27" cos 2"t is nowhere differ- 
entiable. 


The condition a„ = o(A;7') clearly implies that S7|a,,| < oo. It is not 
hard to see (see Zygmund [28], chap. 2, §3, 4) that f(t} = >> a, cos Ant 
is then in Lip, (T) for all a < 1 and that it is differentiable on a set 
having the power of the continuum in every interval. Thus, for a lacu- 
nary series, differentiability at one point implies differentiability on an 
everywhere dense set. This is one example of the "certain homogeneity 
of behavior" mentioned earlier. We can obtain a more striking result 
if instead of differentiability we consider Lipschitz conditions. For in- 
stant, if0 < & < 1, a lacunary series that satisfies a Lip,, condition at a 
point satisfies the same condition everywhere (see exercise | at the end 
of the section). 


1.3 Another typical use of the condition of lacunarity is through its 
arithmetical consequences. A useful remark is that if A;41 > qå; with 
q > 3, then every integer n has at most one representation of the form 
n= njà; where n; = —1,0,1. With this remark in mind we consider 
products of the form 


N 
(1.2) Py (t) = [] (1 + a; cos(ajt + ¥;)) 


1 
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the a;’s being arbitrary complex numbers and y; € T. 
The Fourier coefficients of a factor 1 + a, cos(A;t + pj) are: 1 for 


n = 0, Saj;ie'*) for n = àj), Sajie "i n = —d,), and zero else- 
where. If we assume the lacunarity condition with g > 3, it follows 
that Py(n) = 0 unless n = X njàj, with n; = —1,0,1, in which case 


Py(n) = IL, +0 sa;ie™ 3; in particular Py (0) = 1. If we compare the 
Fourier series of Py+, to that of Py we see that Py+ı contains Py as 
a partial sum, and contains two more blocks: San+1ie'? Nt eN+1! Py 
and appie Nt eint Py. The frequencies appearing in the first 
block lie within the interval (Avii—D0 Ay, AVE Ay) C Anwar (q— 
2)/(¢—1), Aw+1¢/(q—1)) and the second block is symmetric to the first 
with respect to the origin. No matter what coefficients a; we take, the 


(formal) infinite product 


CO 


P(t) = [a + a; cos(Ajt + p;)) 


can be expanded as a well-defined trigonometric series, and if the prod- 
uct converges in the weak-star topology of M (T) to a function f or a 
measure y, then the corresponding trigonometric series is the Fourier 
series of f (resp. u). 

We shall refer to the finite or infinite products described above as 
Riesz products. Two classes of Riesz products will be of special inter- 
est. 

1. The coefficients a; are all real and |a;| < 1. In this case 1 + 
a, cos(A;t+y;) > 0 hence Py (t) > 0 for all N. It follows that || Py || z: = 
1 and, taking a weak-star limit point, it follows that P is a positive mea- 
sure of total mass 1 (i.e., that the trigonometric series formally corre- 
sponding to P is the Fourier-Stieltjes series of a positive measure of 
mass 1). 


2. The coefficients a; are purely imaginary (in which case we shall 
write P(t) = [[(1+ia; cos(Ajt+ p;)) with a; real) and satisfy )7|a;|? < 
oo. In this case 1 < |1 + ia cos(Ajt + y;)|? < 1+ a7 1 < |Py(t)P < 
a+ a?) < œ. Since the Py are uniformly bounded we can pick a 
sequence N; such that Py, converge weakly to a bounded function P 
whose Fourier series is the formal expansion of P. 


1.4 The usefulness of the Riesz products can be seen in the proof of 


Lemma. Let f(t) = Yp cjc* with X_; = —A;, à > 0 and, for 
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some q > 1, Aj41 > GA;, 9 = 1,2,...,N. Then 


(1.3) Sele < Aallflloo 
and 
(1.4) Illz < Ball flle 


where A, and B, are constants depending only on q. 


PROOF: We remark first that it is sufficient to prove (1.3) and (1.4) in 
the case that f is real valued (i.e., c; = €_;) since we can then apply 
them separately to the real and imaginary parts of arbitrary f, thereby 
at most doubling the constants A, and By. 

Assume first that q > 3. In order to prove (1.3) we consider the 
Riesz product P(t) = JJ (1 + cos(A;t + y;)) where y; is defined by 
the condition gjet: = |e]. We have ||P||;1 = 1 and consequently 
[1/27 f P(t) f(tdt| < |[f lo. Since P(A;) = $e"? we obtain from Par- 
seval’s formula: 4 X je") = $ la| < || floc, and (1.3) follows with 
A, = 2 for real-valued f and A, = 4 in the general case. 

For the proof of (1.4) we consider a Riesz product of the second 
type. We remark that || f||72 = S7\c;|? and if we take a; = |c;|-||fl|Z2 
and p; such that izje’*/ = |c;| then P(t) = JJ (1 + ia; cos(Ajt + ¥;)) 
is uniformly bounded by ] [(1 + a2)? < e? B < e3. By Parseval’s 
formula 


1 1 — 1 
lle = 5 Dlola = z f POFO < eè lfl 


which is (1.4) with B} = 2e?. Again if we put B, = 4e? then (1.4) is 
valid for complex-valued functions as well. 

If 1 <q<3 and we try to repeat the proofs above, we face the dif- 
ficulty that, having set the product P the way we did, we cannot assert 
that P(A;) is 46°% (or $ia;e"*/ in case 2) since à; may happen to sat- 
isfy nontrivial relations of the form A; = 5) nkAg with ny = 0,1,—1. We 
can, however, construct the Riesz products for subsequences of {A, }. 
Let M = M, be an integer large enough so that 


1 
(1.5) gi >3, 1- —— > 


For k < m < M write avr) = \m+jm and notice that oe > gh”. 
By the remark concerning the frequencies appearing in a Riesz product 
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it follows that all the frequencies n appearing in any product corre- 


m 


sponding to {\e"} satisfy ||n| — nm | < 2 for some j, hence by 
(1.5)ifk >0,k#m mod M, +A, does not appear as a frequency in a 
Riesz product constructed on py” }. It follows that if 


N 


P(t) = [6 + üm+jM cos(Am+jmt + Pm+jM)) 
1 


then 
1 FR, 1 ipm+jM —ifpm+jM 
on P(t) f(t)dt = 5 glm+iM (e mtIM Cm+jM +e mHIM C-m—jM) 


and repeating the two constructions used above we obtain 


(1.3) X lemm] < Alf llo 

(14) (Scions?) < 4e2 IF 

Adding (1.3’) and (1.4’) for m = 1,..., M we obtain (1.3) and (1.4) 
with A, = 4M, and B, = 4e? Mq. ` 


Theorem. Let {\;} be lacunary. (a) If f = Y ge™t is the Fourier 
series of a bounded function, then X`|c;| < œ. 
(b) If > cgee™t is a Fourier series, then Y |c? < 00. 


PROOF: Write f ~ >> cje™t and apply (1.3) resp.(1.4) to o,(f,t). < 


1.5 The role of the Riesz products in the proof of Lemma 1.4 may 
become clearer if we consider the statements obtained from 1.4 by du- 
ality. For an arbitrary sequence of integers A, we denote by Cy, the 
space of all continuous functions f on T such that f(n) = 0 ifn g A. 
Ca is clearly a closed subspace of C(T). 


DEFINITION: A set of integers A is a Sidon set if every f € Ca has an 
absolutely convergent Fourier series. It follows from the closed-graph 
theorem that A is a Sidon set if, and only if, there exists a constant K 
such that 


(1.6) S| f(n)| < KIF 


for every polynomial f € Ca. 
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Lemma. 4 set (of integers) A is a Sidon set if, and only if, for every 
bounded sequence {dy} yea there exists a measure u € M(T) such that 
pil\) = dy for AX € A. 


PROOF: Let A be a Sidon set and {d)},c, a bounded sequence on A. 
The mapping f > X yea f(A)dy is a well-defined linear functional on 
Ca. By the Hahn-Banach theorem it can be extended to a functional on 
C(T), that is, a measure u. For this measure js we have 


(1.7) f(A) = pea =d, forall \¢ A. 


Assume, on the other hand, that the interpolation (1.7) is always pos- 
sible. Let f € Ca and write dy = sgn(f(A)). Then, by Parseval’s for- 
mula, DIFA = 5 f(A)dy is summable to (f, 4) where u is a measure 
which satisfies (1.7). Since for series with positive terms summability 
is equivalent to convergence, Y| f(A)| < oo and the proof is complete. 

< 


The statement of part (a) of Theorem 1.4 is that lacunary sequences 
are Sidon sets, and the Riesz product is simply an explicit construction 
of corresponding interpolating measures. 


1.6 The statement of part (b) of Theorem 1.4 is that for lacunary A, 
(L'T)), = (L?(T))a. Every sequence {d,} such that Yda? < œ 
defines, as above, a linear functional on (L?(T))a which, by 1.4, is a 
closed subspace of L! (T). Remembering that the dual space of L! (T) 
is L°(T), we obtain, using the Hahn-Banach theorem, that there exists 
a bounded measurable function g such that 


(1.8) GA) Hd, AEA. 

Here, again, Riesz products (of type 2) provide explicit construction of 
such functions g. One can actually prove the somewhat finer result: 
Theorem. Let A be lacunary and assume that S~\d)|? < œ. Then 
there exists a continuous function g such that (1.8) is valid. 


We refer the reader to exercise 6 for the proof. 


EXERCISES FOR SECTION 1 


1. Let {An} be lacunary and let f ~ $} an cos Ant. Assume that f satisfies 
a Lip, condition with 0 < a < 1 att = to. Show that an = O On”) as n — oœ. 
Deduce that f € Lip, (T). 
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2. Let {An} be a sequence of integers and assume that for some 0 < a@ < 1 

the following statement is true: if f ~ Y` an cos Ant satisfies a Lip, condition 
at one point, then f € Lip, (T). Show that {An} is lacunary. 
Hint: If the sequence {An} is not lacunary it has a subsequence {ux} such that 
lim u2k—1/H2k = 1 and lim p2k+1/H2k = œ. For an appropriate sequence {ax}, 
the function f(t) = Ss ax (COs jt24.¢ — cos uz2k—1t) satisfies a Lip, condition at 
t= 0 but f ¢ Lip, (T). 

3. Let f € L'(T), f ~ Y. an cos Ant with {àn} lacunary. Assume f(t) = 0 
for |t| < 7, 7 being a positive number. Show that f is infinitely differentiable. 

4. Show directly, without the use of Riesz products, that if An+1 > 4A, and 
f= Sr On COS Ant is real-valued, then 


spl] > 5 oan 


Hint: Consider the sets {t: an cos Ant > |an/2\}. 

5. If dn — 0 as n — œ we can write dn = ÔnYn where {6,} is bounded 
and Yn = y(n) for some y € L*(T). (See theorem 1.4.1 and exercise 1.4.1.) 
Deduce that if A is a lacunary sequence and d, — 0 as |A| — oo, there exists a 
function g € L'(T) such that 


da = @(A) for AGA 


6. Use Theorem 1.4.1 to show that if Elda? < œ, there exist sequences 
{őn} and {Yn} such that dn = nyn, X lón]? < 00, and Yn = w(n) for some 
w € L'(T). Remembering that the convolution of a summable function with a 
bounded function is continuous, prove Theorem 1.6. 

7. Assume A;41/A; > q > 1. There exists a number M = M, such that 
every integer n has at most one representation of the form n = $7 9jAm;+jar 
where 7; = —1,0,1, and 1 < m; < M. Use this to show that the product 
ra + aan dm+jm C08(Am+jmt+ Ym+ja_)) has (formally) the Fourier co- 
efficient $d,e"** at the point àx). Show that if0 < dy < I/M, for all k, then 
the product above is the Fourier Stieltjes series of a positive measure which 
interpolates {$dge’**} on {Ax}. 

8. Assume Aj41/A; > q > 1 and S>\d;|? < oo. Find a product analogous 
to that of exercise 7), which is the Fourier series of a bounded function, and 
which interpolates {d;} on {A;}. 

*9. Show that the following condition is sufficient to imply that the se- 
quence A is a Sidon set: to every sequence {d)} such that |d)| < 1 there exists 
a measure jt € M (T) such that |f(A) — dy| < 4. 

10. Show that a finite union of lacunary sequences is a Sidon set. 

*11. Let An be positive integers such that An41/An > 3. Show that for 
every U > 0 and e > 0 there exists a > 0 such that if bn are real numbers, 
lbn]? = 2 and sup |bn| < a, then, if |u| < U, we have 


a 2 
J ADDL cos Ant eT <e. 


(1.9) = 
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Hint: Write [] etn ©? = T] (1 + iubn cos Ant — $u7b;, cos” Ant) (1 + en) 
with |en] < U’ |bn|®. IfaU? << e, we have |[[(1+en)—1| << e, and the factor 
[[(.+en) can be ignored. In the main factor replace cos? Ant by 4 (1+cos 2Ant), 
and check that the constant term of the product is the product of the constant 
terms of the factors. 


x2 QUASI-ANALYTIC CLASSES 


2.1 We consider classes of infinitely differentiable functions on T. Let 
{Mn} be a sequence of positive numbers; we denote by C*{M,,} the 
class of all infinitely differentiable functions f on T such that for an 
appropriate R > 0 


(2.1) Ff lo < R” Mn n=1,2,... 


We shall denote by C#{ Mhn} the class of infinitely differentiable func- 
tions on T satisfying: 


(2.2) Ff nz < Ma n=1,2,... 


for some R (depending on f). 

The inclusion C*{M,,} C C#{M,,} is obvious; on the other hand, 
since the mean value of derivatives on T is zero, we obtain || f‘ (£) ||. < 
fr) || p2 and consequently C#{M,} C C*{M,41}. Thus the two 
classes are fairly close to each other. 

Examples: If Mp = 1 for all n, then C#{ Mn} is precisely the class of 
all trigonometric polynomials on T. 

If M,, = n!, C#{ Mn} is precisely the class of all functions analytic 
on T. (See exercise 1.4.3) 

We recall that a sequence {cn}, €n > 0, is log-convex if the sequence 
{log cn} is a convex function of n. This amounts to saying that, given 
k< l< m in the range ofn, we have 


»—l l-k 
(2.3) log ¢, < m log ck 4 log Cm, 
m—k m—k 
or equivalently 
(2.4) a< clr DI (mB) 6B) /(m—k) 


2.2 The identity || f™||;2 = (> f()?72")2 allows an expression of 
condition (2.2) directly in terms of the Fourier coefficients of f. Also it 
implies 


126 AN INTRODUCTION TO HARMONIC ANALYSIS 


Lemma. Let f be N times differentiable on T. Then the sequence 
{|| f || ,2} is monotone increasing and log-convex for 1 <n <N. 


PROOF: The fact that ||f ||;2 = (92 f(j)2j2")2 is monotone increas- 
ing is obvious. In order to prove (2.4) we write p = (m — k)/(m— J), 
and q = (m—k)/(i — k); then 1/p + I/q = 1 and by Hölder’s inequality 


SIDI? = DA EPIA < POBE | pr 2 


which is exactly (2.4). < 


It follows from lemma 2.2 (cf. exercise 2 at the end of this section) that 
for every sequence {M} } there exists a sequence {Mn } which is mono- 
tone increasing and log-convex such that C# {M,,} = C#{M/}. Thus, 
when studying classes C*{ M,,} we may assume without loss of gener- 
ality that { Mn } is monotone increasing and log-convex; throughout the 
rest of this section we always assume that, for k <1 < m, 


(2.5) Mi < METIH yg lB) mk) 


2.3 For a (monotone increasing and log-convex) sequence we define 
the associated function T(r) by 


(2.6) T(r) = inf, Mar ™. 


We consider sequences Mn which increase faster that R” for all R > 0; 
the infimum in (2.6) is attained and we can write r(r) = minp>o Mnr”. 
If we write u = M7 ', and un = Mn-1/Mn for n > 1; then un is 
monotone-decreasing since by (2.5), fin41/pn = M? /Mn-1Ma+1 < 1; 
we have Mar” = [[/'(u;r)~' and consequently 


(2.6’) rr) = [[ Gar). 


Hjr>l 


The function 7(7) was implicitly introduced in 1.4; thus it follows from 
1.4.4 that if f € C#{ Mn } then, for the appropriate R > 0 


ADS TGR), 


and exercise 1.4.6 is essentially an estimate for T(r) in the case Mn = 
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2.4 An analytic function on T is completely determined by its Tay- 
lor expansion around any point to to € T, that is, by the sequence 
{ f (to) }29. In particular if f( (tg) = 0, n = 0,1,2,..., it follows 
that f = 0 identically. 
DEFINITION: A class of infinitely differentiable functions on T is 
quasi-analytic if the only function in the class, which vanishes with 
all its derivatives at some ty € T, is the function which vanishes identi- 
cally. 

The main result of this section is the so-called Denjoy-Carleman 
theorem which gives a necessary and sufficient conditions for the quasi- 
analyticity of classes C#{M,,}. 


Theorem. Let {M,,} be monotone increasing and log-convex. Let 7(r) 
be the associated function (2.6). The following three conditions are 
equivalent: 


(i) C#{ Mn} is quasi-analytic 
œ log . 
(it) / og T(r) dr = =% 
Ji 


1+r? 
- My _ 
(iii) Mon > oe) 


The proof will consist in establishing the three implications (iz) > (i) 
(Theorem 2.4 below), (i) => (iti) (Theorem 2.8), and (ii) > (ii) (Lemma 
2.9). 

We begin with: 


2.5 Lemma. Let y(z) 4 0 be holomorphic and bounded in the half 
plane R(z) > 0 and continuous on R(z) > 0. Then 


log|y(+iy)|—— > -œ 
f eec 


PROOF: The function F(¢) = (155) is holomorphic and bounded in 


the unit disc D (and is continuous on D except possibly at ¢ = 1). By 
II1.3.14 we have fọ log|F'(e*)|dt > —o0. The change of variables that 
we have introduced gives for the boundaries e" = (iy — 1)/(¢y + 1), or 
t= 2arc cot y. 


Consequently dt = =% 


1+y? 


dy 1 


OO , E T ` i , 
fl logl(iy) s = 5 | log|F(e*)|dt > —oo: 


and 
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similarly fy log|y(—iy)| ea > —oo and the lemma is proved. < 


2.6 Theorem. 4 sufficient condition for the quasi-analyticity of the 
class C#{M,,} is that [P ee dp = —oo where t(r) is defined by 
(2.6). 


PROOF: Let f € C#{M,} and assume that f(0) = 0 n = 0,1,.... 
Define 


Qn 
g) = 5 f ef (tat. 


Integrating by parts we obtain, z 4 0, 


Ae) = O + ge f rO 


t= 

and since f(0) = f (2r) = 0 the first term vanishes for all z 4 0 (we have 
used the same integration by parts in 1.4.5; there we did not assume 
f(0) = 0 but considered only the case z = im, that is, e7% f is 27- 
periodic.) Repeating the integration by parts n times (using f? (0) = 
f (27) = 0 for j < n), we obtain 


ol = 520 S et) (tat. 


sm Jo 


For R(z} > 0, |e~7*| < 1 on (0,27) and consequently 


lp(z)| < = forn =0,1.. 
hence 
lel) < T(z) 
or 
log|p(z)| < log 7(|2]). 
It follows that K log|y(iy)| 245 pz = —o and by lemma 2.4 y(z) = 0. 
Since y(in) = f(n) it follows that f = 0. < 


2.7 Lemma. Assume u; > 0, Xo uj <1. Write y(k) = Ilg 0 TE. 


Then f(t) = °° y(k)e™ is carried by [- 1,1] ( mod on), it is in- 
finitely differentiable and || f™|| < 2 [Ip My 
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PROOF: All the factors in the product defining y(k) are bounded by 1 
so that the product either converges or diverges to zero (actually it con- 
verges for all k) and y(k) is well defined. p(k) clearly tends to zero 
faster than any power of k so that the series defining f converges uni- 
formly and f is infinitely differentiable. We have ¢(0) = 1 so that f 4 0. 


The sequence {Sauk | is the sequence of Fourier coefficients of 
k=— 00 


Hj 


. — : N sin pjk 
the function T; (t) = 7; Lip; .p,)- If we write pu (k) = [To TE, 


have 


we 


Ín = X ynlk)e™ =To*T,*...Tn 


and the support of fy is equal to |- yO Ly, 5S7 uj) mod 2x. Since fy 
converges uniformly to f, the support of f is equal to [— Xp Hj, Xo Hyl 
mod 27. Finally, since || f ||?2 = X |y(k)|?k?” and 


doi Fst = sre 
0 0 


we obtain || f|[z2 < (Io t) (Zz K7?) and the proof is com- 
plete. < 


2.8 Theorem. A necessary condition for the quasi-analyticity of the 


class C# {Mn} is that Y> A = OO. 


PROOF: Assume that 3> ““— < oo. Without loss of generality we may 


Mn+1 
assume J` Mes < į (replacing Mn by M/, = Mna R” does not change 
| : M, _ p-l Mn 
the class C#1 Mn} while Ma = R > Meir) 


Write po = ty = 1/4, u; = Mj_1/M;, j > 2. Then the function 
f defined by Lemma 2.7 has a zero of infinite order (actually vanishes 
outside of [—1, 1]), is not identically zero, and f € C#{ Mn}. < 


2.9 Lemma. Under the assumption of theorem 2.4 we have 


M,  logr(r) 
—"" < Jet > dr. 
Matı = ae J. 1+ r? r 


PROOF: As before we write un = “==. We define the counting func- 


Mn 
tion M(r) of {un} by: 


M(r) = the number of elements p; such that pjr > e, 
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and recall that r(r) = T],,,.51(Hjr)~*; hence 


—logr(r) = Y log(ujr) > Y log yr) > M(r). 


Hjr>l pgr>e 

Thus for k = 2,3,... 

k+1 k+1 

e€ =logr(r) M(e®) f° 1 M(e*) 
2. > > — . 
2.7) f. 1l+r dr 2 Qerk+2 Jor dr > 2e? ek? 
on the other hand, 

. _ 2— s M(e" 

(2.8) 5 w< (M(e*) — M(e* ye k < e “ ) 


elk < puj <e2—* 


and the theorem follows by summing (2.7) and (2.8) with respect to 
k, k= 2,3,.... < 


Remark: Theorems 2.4, 2.8, and lemma 2.9 together prove Theorem 
2.4. We see in particular that if C#{M,,} is not quasi-analytic, it con- 
tains functions (which are not identically zero) having arbitrarily small 
supports. 

For further reading, generalizations, and related topics we mention 


[17]]. 


EXERCISES FOR SECTION 2 


1. Show that {cn } is log-convex if, and only if, cf < en—1¢n+1 for all n. 

2. (a) Let {cf}, be a log-convex sequence for all a belonging to some 
index set J. Assume that Mn = supaercn < co for all n. Prove that {Mn } is 
log-convex. 

(b) Let {M/,} be a sequence of positive numbers. Let {cf} be the family 
of all log-convex sequences satisfying cf < M; for all n. Put M, = sup, ch. 
Then C#{M,} = C#{M/}. 

3. Let M; < j! for infinitely many values of j. Show that C*{A4,} and 
C*{M,} are quasi-analytic. 

Hint: Assuming f € C*{M,} and f“ (0) = 0 for all k, use Taylor’s expansion 
with remainder to show f = 0. 

4. We say that a function y € C®(T) is quasi-analytic if C¥ {|p ||z2} is 
quasi-analytic. Let f € C™ (T); show that if the sequence {A;} increases fast 
enough and if we set 


fA = SO SO ds) <k< Aza fe, 
j 
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then both fı and fo = f — fı are quasi-analytic. Thus, every infinitely differen- 
tiable function is the sum of two quasi-analytic functions. 

5. Show that C*#{n!(logn)°”"} is quasi-analytic if 0 < a < 1, and is 
nonquasi-analytic if œ > 1. 

6. Let T(r) be the function associated with a sequence {Mn }. 

(a) Show that (r(r))~+ is log-convex function of r. 

(b) Show that Mn = max, rr (r). 

7. Let {wn} be a log-convex sequence, n = 0,1,...,wWn > 1, and let A{wn} 
be the space of all f € C(T) such that |[ fl] fu.) = S71f(m)|wjn| < co. Show 
that with the norm || ||;.,,;, A{wn} is a Banach space. Show that a necessary 
and sufficient condition for A{w,} to contain functions with arbitrarily small 
support is JOP SBF" < oo. 

8. Let {wn} be log-convex, wn > 1, and assume that wn — oo faster than 
any power of n. The sequences on = {2 ye 

Show that the subspace that on, k = 0,1,... generate in co (the space 
of sequences tending to zero at co) is uniformly dense in co if, and only if, 
g Eyn 
Hint: The dual space of co is £. If {an} € & is orthogonal to og, k = 0,..., 
the function f(t) = >> Saent, which clearly belongs to A{wn}, has a zero of 
infinite order. 


9. Let f be as in exercise 1.3. Show that f = 0 identically. 


tend to zero as |n| — œ. 
æ 


= 00 


Chapter VI 


Fourier Transforms on the Line 


In the preceding chapters we studied objects (functions, measures, 
and so on) defined on T. Our aim in this chapter is to extend the study 
to objects defined on the real line IR. Much of the theory, especially the 
L? theory, extends almost verbatim and with only trivial modifications 
of the proofs; such results, analogous in statement and in proof to the- 
orems that we have proved for T, often are stated without a proof. The 
difference between the circle and the line becomes more obvious when 
we try to see what happens for L? with p > 1. The (Lebesgue) measure 
of Rbeing infinite entails that, unlike Z! (T) which contains most of the 
"natural" function spaces on T, L+(R) is relatively small; in particular 
L? (R) ¢ L! (R) for p > 1. The definition of Fourier transforms in L! (R) 
has now a much more special character and a new definition (1.e., an 
extension of the definition) is needed for L?(R), p > 1. The situation 
turns out to be quite different for p < 2 and for p > 2. If p < 2, Fourier 
transforms of functions in L?(IR) can be defined by continuity as func- 
tions in L7(R), q = p/(p — 1); however, if p > 2, the only reasonable 
way to define the Fourier transform on Z?(IR) is through duality and 
Fourier transforms are now defined as distributions. The plan of this 
chapter is as follows: in section 1 we define the Fourier transform in 
L! (R) and discuss its elementary properties. We also mention the con- 
nection between Fourier transforms and Fourier coefficients and prove 
Poisson’s formula. In section 2 we define Fourier-Stieltjes transforms 
and obtain various characterizations of Fourier-Stieltjes transforms of 
arbitrary and positive measures. In section 3 we prove Plancherel’s 
theorem and the Hausdorff- Young inequality, thereby defining Fourier 
transforms in L?(IR), 1 < p < 2. In section 4 we use Parseval’s for- 
mula, that is duality, to define the Fourier transforms of tempered dis- 
tributions, and study some of the properties of Fourier transforms of 
functions in LP(R),p < oo. Sections 5 and 6 deal with spectral anal- 
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ysis and synthesis in L°° (IR). In section 5 we consider the problems 
relative to the norm topology and show that the class of functions for 
which we have satisfactory theory is precisely that of Bohr’s almost pe- 
riodic functions. In section 6 we study the analogous problems for the 
weak-star topology. Sections 7 and 8 are devoted to relations between 
Fourier transforms and analytic functions. Finally, section 9 contains 
Kronecker’s theorem (which we have already used in chapter IT) and 
some variations on the same theme. 


1 FOURIER TRANSFORMS FOR L'(R) 


1.1 We denote by L! (R) the space of Lebesgue integrable functions 
on the real line. For f € L1(IR) we write 


Flow =f (feild 
and when there is no risk of confusion, we write || f||;1 or simply || || 
instead of |f || z1(R)- 
The Fourier transform f of f is defined by 


(1.1) fE = / f(xje""dx for all real ¿t 


This definition is analogous to I.(1.5), and the disappearance of the 
factor 1/27 is due to none other than our (arbitrary) choice to remove 
it. It was a natural normalizing factor for the Lebesgue measure on T; 
but, at this point, it seems arbitrary for R. The factor 1/27 will reappear 
in the inversion formula and some authors, seeking more symmetry for 
the inversion formula, write ,/1/27 in front of the integral (1.1) so that 
the same factor appear in the Fourier transform and its inverse. The 
added symmetry, however, may increase the possibility of confusion 
between the domains of definition of a function and its transform. In 
L! (T) the functions are defined on T whereas the Fourier transforms 
are defined on the integers; in L! (R) the functions are defined on R and 
the domain of definition of the Fourier is again the real line. It may be 
helpful to consider two copies of the real line: one is R and the other, 
which will serve as the domain of definition of Fourier transforms of 
functions in L! (R), we denote by R. This notation is in accordance with 
that of chapter VII. 


+ Throughout this chapter, integrals with unspecified limits of integration are always 
to be taken over the entire real line. 
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Most of the elementary properties of Fourier coefficients are valid 
for Fourier transforms. 


Theorem. Let f,g € L(R). Then 
(a) (Ft ol = FE) + 2E) 


(b) For any complex number a 
(af)(é) =a f(E) 
(c) If f is the complex conjugate of f, then 
FO = F 
(d) Denote fala) = f(x — y), y E R. Then 
fylQ) = AO 
(e) MOL < flf(@)|de = |F| 
f) For positive à denote 
p(x) = Af(Az); 
then . 
A) = FÈ). 


PROOF: The theorem follows immediately from (1.1). Parts (a) through 
(e) are analogous to the corresponding parts of I.1.4. Part (f) is obtained 
by a change of variable y = Az: 


$£) = [ Ponen = [ tee 6 ay = FC. 


1.2 Theorem. Let f € L'(R). Then f is uniformly continuous on RÈ. 


PROOF: 

AE +n) RO= | FEE — a, 
hence 
(1.2) Pem AOS SON — 1de. 


The integral on the right of (1.2) is independent of €, the integrand is 
bounded by 2] f(z)| and tends to zero everywhere as 7 — 0. < 
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1.3 The following are immediate adaptations of the corresponding the- 
orems in chapter I. 


Theorem. Let f,g € L! (R). For almost all x, f(x—y)g(y) is integrable 
(as a function of y) and, if we write 


h(x) = / fa —volydy, 


then h € L*(IR) and 
Ill < | FTI llall; 
moreover, 


hé) = f(OHO forall €. 


As in chapter I we denote h = fxg, call A the convolution of f and g, 
and notice that the convolution operation is commutative, associative, 
and distributive. 


1.4 Theorem. Let f,h € L'(R) and 

hx) = z; | HOi 
with integrable H(£). Then 
(13) (hs No) = z | Hi fee'*ae, 


PROOF: The function H(£)f(y) is integrable in (£,y), hence, by Fu- 
bini’s theorem, 


(= fla) = fhe- fody = = | f Hee" y)dedy 
` QT 
~ Z [oe f toaya = = f nOr. 


< 


1.5 Theorem. Let f € L! (R) and define 
F(a) = / F(y)dy. 
Then, if F € L (R) we have 


(1.4) F(é) = ie all real £ £ 0. 
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An equivalent statement of the theorem is: if F, F' € L! (R), then 
F' (€) = i£ F (8). 
1.6 Theorem. Let f € L'(R) and x f(x) € L'(R). Then f is differen- 


tiable and 
(1.5) KTO = CEDO. 
PROOF: 
F _ fíg g ; —ihr 
(1.6) FE + H) G) — frome 7 *) ar 


The integrand in (1.6) is bounded by |x f(x)| (which is in L1(IR) by 
assumption) and tends to —iz f(x)e—*** pointwise, hence (Lebesgue) it 
converges to —ixf(x)e~** in the LI(R) norm. This implies that, as 
h — 0, the right-hand side of (1.6) converges to (“ie f)() and the 
theorem follows. < 


1.7 Theorem (Riemann-Lebesgue lemma). For f € L! (R) 
lim f(€) =0. 


|g\-0" 
PROOF: If g is continuously differentiable and with compact support 
we have, by 1.5 and 1.1, |€9(€)| < |lg'|lz1m hence limjc—.|g(€)| = 0. 
For arbitrary f € L'(IR), lets > 0 and g be a continuously differentiable, 
compactly supported function such that ||f — g|lz1q@@y. We have both 


IFE — GO| < £ and limg.40|9(€)| = 0; hence lim supeo l| ÂO] < €. 
This being true for all « > 0, we obtain lime. f(E) = 0. < 


1.8 We denote by A(R) the space of all functions y on R, which are 
the Fourier transforms of functions in L’*(R). By the results above, 
A(R) is an algebra of continuous functions vanishing at infinity, that 
is, a subalgebra of Co(R), the algebra of all continuous functions on R 
which vanish at infinity. We introduce a norm to A(IR) by transferring 
to it the norm of L! (R), that is, we write 


fll ac) = Il Fllz2@- 


It follows from 1.3 that the norm || _ || 4¢@), is multiplicative, that is, 
satisfies the inequality: 


[p192 la®) Ilex law y2 Il ace) 
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The norm || || 4¢g 18 not equivalent to the supremum norm; conse- 


quently, A(R) is a proper subalgebra of Cy(IR). 
1.9 A summability kernel on the real line is a family of continuous 
functions {k,} on R, with either discrete or continuous parameter? sat- 
isfying the following: 

J ky(a)dx = 1 
(1.7) |||] = O* (1) as A > œ 


lim |ky(a)}\da = 0, for alla > 0. 
> 


ACO |x| 
A common way to produce summability kernels on R is to take a func- 
tion f € L'(R) such that f f(x)dx = 1 and to write kalz) = Af (Az) 


for à > 0. Condition (1.7) is satisfied since, introducing the change of 
variable y = Ax, we obtain 


[iwas f fow 


lal = fiae) = fifo = | 
and ; 
| Bolde = | |F(u)ldy > 0 as à — oo, 
J|a|>6 Jy|>Ad 


The Fejér kernel on R is defined by 
Ky (2) =AKQ\z), A>, 


where 


` . 2 1 ; 
(1.8) K(x) = = (Se) = = fo le) eX ae. 


The second equality in (1.8) is obtained directly by integration. By the 
previous remark it is clear that the only thing we need to check, in order 
to establish that {K,} is a summability kernel, is that f K(a)dx = 1. 
This can be done directly, for example, by contour integration, or using 


*The indexing parameter À is often real valued; however, it should not be considered 
as an element of R so that no confusion with the notation of 1.1.d should arise. 
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the information that we have about the Fejér kernel of the circle, that 
is, that for all 0 < ô <7 


5 . , 2 
a) m d f (eee?) ea 


n>œ 2r J şn+1 sin 2/2 


Since f K(x}dz = f K,(a)dx, we may take à = n + 1, in which case 


_ sin(m+1)a/2 
Ky(«) Tata) ( a /2 


the ratio of 27K)(z) to the integrand in (1.9) is arbitrarily close to one 
in |z| < 6. More precisely, we obtain (A = n + 1): 


o2 8 . 2 ô 
sind 1 1 sin(n + 1)a/2 1 f 
dx < — K 
( ô ) 27 Ja ( x/2 ) TS On ő r(x) 


1 f 1 (si 1)x/2\° 
< J sin(n + )a/ dz 
2r J n+l sin z/2 


2 
, and notice that if ô > 0 is small enough, 


Letting n — co we see that f K(z)dz = limy.. Ls K\(x)dz is a num- 
ber between sin? 6/6? and 1; since 6 > 0 is arbitrary f K(a)dx = 1. 


1.10 Theorem. Let f € L! (R) and let {k} be a summability kernel 


on R, then 
dim If — ky x Fl) = 0. 
PROOF: Repeat the proof of theorem I.2.3 and lemma I.2.4. < 


1.11 Specifying theorem 1.10 to the Fejér kernel and using theorem 
1.4, we obtain 


Theorem. Let f € L'(R), then 


A 
(1.10) f= lim zh. (1 — 51) FE dé 


Asoo IT 


in the L+ (IR) norm. 


Corollary (The uniqueness theorem). Let f € L*(IR) and assume 
that f(€) = 0 for all £ € R then f = 0. 
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1.12 If it happens that f is Lebesgue integrable, the integral on the 
right-hand side of (1.10) converges, uniformly in x, to + f f(€)e%$* dé. 
We see that f is equivalent to a uniformly continuous function and ob- 
tain the so-called "inversion formula”: 


1 . 
(11) fle) =z | Hee a. 
An immediate consequence of (1.11) is 
(1.12) E) = max ( Klo) 


and, by theorem 1.3, 


— 1-4) AE E< A 
(1.13) (Ky * f)(6) = (1-5) Fe s 
0, GERS 
Combining this with theorem 1.10, we obtain 


Theorem. The functions with compactly carried Fourier transforms 
form a dense subspace of L (R). 


This theorem is analogous to the statement that trigonometric poly- 
nomials form a dense subspace of L! (T). 


1.13 Besides the Fejér kernel we mention the following: 
De la Vallée Poussin’s kernel 


(1.14) Valz) = 2Koal£) — Ky (2), 
whose Fourier transform is given by 


1, IE) <1 
(1.15) VAE) = 42-4, A < |El < 2A 
0, 2A < |ë. 


Poisson’s kernel 
Py(x) = AP(Az), 


where 


(1.16) P(x) 
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and 
(1.17) P(g) sel, 
and finally Gauss’ kernel 


G)(x2) = AGAT), 


where 

(1.18) G(x) = (20) be 
and 

(1.19) ĜE = eE, 


To the inversion formula (1.11) and the summability in norm (theo- 
rems 1.10 and 1.11, one should add results about pointwise summabil- 
ity. Both the statements and the proofs of section I.3 can be adapted to 
L! (R) almost verbatim and we avoid the repetition. 


1.14 As in chapter I, we can replace the L! (R) norm, in the statement 
of theorems 1.10 and 1.11, by the norm of any homogeneous Banach 
space B c L'(R). As in chapter I, a homogeneous Banach space is a 
space of functions which is invariant under translation and such that for 
every f € B, fy (defined by f (x) = f(x — y)) depends continuously 
on y. The assumption B C L!(R) is more restrictive than was the as- 
sumption B C L'(T) in chapter I; it excludes such natural spaces as 
LPR), p > 1. We can obtain a reasonably general theory by consid- 
ering homogeneous Banach space of locally summable functions, that 
is, functions which are Lebesgue integrable on every finite interval. We 
denote by £ the space of all measurable functions f on R such that 


ay +l 


Ille = sup, J 
y 


f(x)|dx < œ 


and by £, the subspace of £ consisting of all the functions f which 
satisfy 

lfs- fle +70 asy>0. 
Theorem. /f B is a homogeneous Banach space of locally summable 


Junctions on R and if convergence in B implies convergence in measure, 
then the L norm is majorized by the B norm and, in particular, B C Le. 
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PROOF: Ifthe £ norm is not majorized by || ||5, we can choose a se- 
quence fn € B such that || fals < 27” and || falie > 3". Replacing fn 
by fn(% — yn) Gif necessary) we may assume f|fa(x)|dz > 3” Since 
[lla — 0, fn converges to zero in measure and it follows that if 
n; — œ fast enough 5° fn, which belongs to B, is not integrable on 
(0,1). < 


We can now extend Theorem 1.10 to homogeneous Banach spaces of 
locally summable functions (see exercises 11-14 at the end of this sec- 
tion); Theorem 1.11 can be generalized only after we extend the defi- 
nition of the Fourier transformation. 


1.15 We finish this section with a remark concerning the relation be- 
tween Fourier coefficients and Fourier transforms. 
Let f € L! (R) and define y by 


p(t) = 2r 5 f(é+ 277). 


j=% 


t is a real number, but it is clear that y(t) depends only on t (mod 27) 
so that we can consider ¢ as defined on T. We clearly have y € L! (T) 
and 


lell < Illz. 


For n € Z, we have 


a 1 —int ? A int 
£ = £ n = 9 in 
p(n) f (tye dt . y J J (t + 27 je dt 


= f tase = f(n). 


so that ¢ is simply the restriction to the integers of f. Similarly, if we 
write falx) = Af(Ax) and: 


(1.20) pat) =2n So A+ 2x9), 


j=- 


we obtain, using 1.1, 
a n 


(1.21) Pat) = FG). 


The preceding remarks, as simple as they sound, link the theory of 
Fourier integrals to that of Fourier series, and we can obtain a great 
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many facts about Fourier integrals from the corresponding facts about 
Fourier series. (For examples, see exercises 5 and 6 at the end of this 
section.) 

An application to the procedure above is the very important formula 
of Poisson: 


(1.22) 2rd YO frn > FG). 


n= n= 


In order to establish Poisson’s formula, to understand its meaning and 
its domain of validity, all that we need to do is simply rewrite it as 


CO 


(1.23) er(0) = X Aln). 


n=- 


If (0), as defined by (1.20), is well defined and if the Fourier series of 
pa converges to y(0) for t = 0, then (1.23) and (1.22) are valid. One 
enhances the generality of (1.22) considerably by interpreting the sum 
on the right as 


that is, using C-1 summability instead of summation. Using Fejér’s 
theorem, for instance, one obtains that, with this interpretation, (1.22) 
is valid if t = 0 is a point of continuity of p). We remark that the 
continuity of f and f is not sufficient to imply (1.22) even if both sides 
of (1.22) converge absolutely (see exercise 15). 


EXERCISES FOR SECTION I 


1. Perform the integration in (1.8). 

2. Prove that + [CSF )de = 1 by contour integration. 

3. Prove (1.17). 
Hint: Use contour integration. 

4. Prove (1.19). 
Hint: Show that G(£) satisfies the equation d/déG(£) = —€G(E), (use 1.5 and 
1.6). 

5. Let f € L*(R) and y,(t) defined by (1.20). Show that lim ,—.o|| all 21x) 
= ||flle1@ay; hence deduce the uniqueness theorem from (1.21). 

6. Prove Theorem 1.7 using (1.21), the uniform continuity of Fourier trans- 
forms and the Riemann-Lebesgue lemma for Fourier coefficients. 
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7. Show that A(R) contains every twice continuously differentiable func- 
tion with compact support on R. Deduce that A(R) is uniformly dense in Co(R); 
however, show that A(R) 4 Co(R). 

8. Let f € L'(R) be continuous at x = 0 and assume that f(¢) > 0,€ € RÈ. 
Show that f € L'(R) and f(0) = $ f f(é)dé. 

Hint: Use the analog to Fejér’s theorem and the fact that for positive functions 
C-1 summability is equivalent to convergence. 

9. Show that Co N L*(R), with the norm ||A|| = sup,|f(x)| + || f\lz1cay is 
a homogeneous Banach space on R and conclude that if f € Co N L'(R) then 
f(a) = imas d f (1 — |€l/A) f(a uniformly. 

10. Let f be bounded and continuous on R and let {k,} be a summability 
kernel. Show that ky * f = f k(x — y)f(y)dy converges to f uniformly on 
compact sets on R. 


11. Let f € £. and let y be continuous with compact support; write 
pe f= [cone — y)dy. 


Interpreting the integral above as an £.-valued integral, show that p * f € Le 
and || * file < |lvllercyllflle. Use this to define g * f for g € L*(R) and 
fELc. 

12. Show that if f € Le then |f] € Le (notice, however, that et” 812l g £e) 
and, using exercise 11, prove that if f € £. and g € L' (R) then for almost all 
x2 E€ R, oly) f(a — y) € L'(R) and g x f, as defined in exercise 11, is equal to 
f oy) fle — y)dy. 

13. Let f € £ and let g € L'(R). Prove that g(y) f(x — y) € L'(R) for 
almost all x, and that h(x) = f g(y) f(x — y)dy satisfies ||Allc < llg\lz1caylI flle- 

14. Let {k,} be a summability kernel in L'(R) and let B C Le be a ho- 
mogeneous Banach space. Show that for every feB, ||k, « f — fla — O, and 
conclude that if f € BN L'(R), f = Tims. fÀ, (1 —|él/A) fe" dE in the B 
norm. 

15. Construct a continuous function f € L'(R) such that f € L'(R), 
frn) = 0 for all integers n, f(0) = 1 and f(n) = 0 for all integers n 4 0. 
Hints: 

(a) We denote || fll ace) = a flf(€|dé. Let g be continuous with support in 
[0,27] and such that g € L' (R). Write 


woe Dt wy) ac 275). 


Show that ôn (£) = (N + 1)~'Kw(€)g(€) where Kw is the 27-periodic Fejér 
kernel, and deduce that || gy || aœ) — 0 as N — œ. 
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(b) Let g? be nonnegative continuous functions such that g € L'(R) 
oo G 1 O<ax<l, o . 
and such that 57’ g(a) = 7 i Then, if N; — œ fast 
0 otherwise. 


enough, || ay laœ < 27 and f = an oN has the desired properties. 


2 FOURIER-STIELTJES TRANSFORMS. 

2.1 We denote by M/(R) the space of all finite Borel measures on R. 
M(R) is identified with the dual space of Co(IR)—the (sup-normed) 
space of all continuous functions on R which vanish at infinity—by 
means of the coupling 


(2.1) (Fn) = J fe fF €Co(R), we M(R), 


The total mass norm on M(R) is defined by ||ulmm) = fldu| and is 
identical to the "dual space" norm defined by means of (2.1). The map- 
ping f — f(x)dx identifies L1(IR) with a closed subspace of M(R). 
The convolution of a measure u € A(R) and a function y € Co(R)} is 
defined by the integral 


(2.2) (ux fa) = f plz — y)duly). 


and it is clear that p*p € Co(R) and that || ugl] < lelau lelo. The 
convolution of two measures, u, v € M (R), can be defined by means of 
duality and (2.2), analogously to what we have done in 1.7, or directly 
by defining 


(ux ry(E) = f aE- y)dety) 
for every Borel set Æ. Whichever way we do it, we obtain easily that 
le x vlluæ < lellu lelue- 


2.2 The Fourier-Stieltjes transform of a measure p € M (R) is defined 
by: 


(2.3) ÊE = fes = Jio EER. 


It is clear that if is absolutely continuous with respect to Lebesgue 
measure, say du = f(x)dx, then fi(é) = f(€). Many of the properties 
of L! Fourier transforms are shared by Fourier-Stieltjes transforms: if 
u, v © M(R) then [f(€)| < llalla, ACE) is uniformly continuous, and 
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pix v(€) = AOPE. A departure from the theory of L! Fourier trans- 
forms is the failing of the Riemann-Lebesgue lemma (the same way it 
fails for M (T)); the Fourier-Stieltjes transform of a measure u need not 
vanish at infinity. 


Theorem (Parseval’s formula). Let u € M(IR) and let f be a con- 
tinuous function in L'(IR) such that f € L'(IR). Then’ 


24) [roau f Aona. 


PROOF: By (1.11) 


fla) = z; | NOg 


hence 
J toda) = 5 ff otad 5 f FORO. a 


Corollary (uniqueness theorem). If (€ = 0 for all £, then p =0. 


The assumption f(é) € L'(IR) justifies the change of order of integra- 
tion (by Fubini’s theorem); however, it is not really needed. Formula 
(2.4) is valid under the weaker assumption f(£)fi(—€) € L'(R), and is 
valid for all bounded continuous f € L! (R) if we replace the integral on 


the right by lim) 4. = Ly (1 — KI) f(€)fu(—E)dE (cf. exercise 1.10). 


2.3 The problem of characterizing Fourier-Stieltjes transforms among 
bounded and uniformly continuous functions on R is very hard. As 
far as local behavior is concerned this is equivalent to characterizing 
A(R): every f € A(R) is a Fourier-Stieltjes transform, and on the other 
hand, if ~ € MCR) and V; is de la Vallée Poussin’s kernel (1.14), then 
py € I(T) and jo VA (E) = ACE) for (él <A. 

The following theorem is analogous to I.7.3: 


Theorem. Let y be continuous on R, define ®, by: 


a= fo (1-51) aeae. 


2r, -À 


Then ọ is a Fourier-Stieltjes transform if, and only if, ®, € L! (R) for 
all A > 0, and ||®)|| 110g) is bounded as \ — ov. 


tNotice that (2.4) is equivalent to f f(x)du(x) = 1/27 J FORENE 
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PROOF: If y = ft with u € MCR), then $) = u x Ky. It follows that for 
all A > 0, ®, € L! (R) and [alz < lelue. 

If we assume that ®, € L! (R) with uniformly bounded norms, we 
consider the measures ®)(a)dx and denote by js a weak-star limit point 
of &)(xr)dxz as à — oo. We claim that y = Å and since both functions 
are continuous, this will follow if we show that 


(2.5) f p(—€)g(€)aé = f jul —€)g(€)dé 


for every twice continuously differentiable g with compact support. For 
such g we have g = G with G € L! N Co(R); by Parseval’s formula 


[roor in f soo (1-2) as 
= lim 27 f G(æ)ðx(2)dz = 27 f Glæjdula) 


AS OO 
= | oe) eae 
and the proof is complete. < 


Remark: The application of Parseval’s formula above is typical and is 
the, more or less, standard way to check that weak-star limits in M (R) 
are what we expect them to be. Nothing like that was needed in the case 
of M(T) since weak-star convergence in M (T) implies pointwise con- 
vergence of the Fourier-Stieltjes coefficients (the exponentials belng to 
C(T) of which M(T) is the dual). The exponentials on R do not belong 
to Co(R} and it is false that weak-star convergence in M(R) implies 
pointwise convergence of the Fourier-Stieltjes transforms (cf. exercise 
1 at the end of this section.) However, the argument above gives: 


Lemma. Let un € M(R) and assume that un > n in the weak-star 
topology. Assume also that jin(€) — y(&) pointwise, p being continuous 
on R. Then ù = o. 


2.4 A similar application of Parseval’s formula gives the following 
useful criterion: 


Theorem. 4 function y defined and continuous on R, is a Fourier- 
Stieltjes transform if, and only if, there exists a constant C such that 


2.6) Iz | FOPO < Csup, |) 
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for every continuous f € L! (R) such that f has compact support. 


PROOF: If y = jt, (2.6) follows from (2.4) with C = ||| ara). if (2.6) 
holds, f => + f f()y(—é)dé defines a bounded linear functional on 
a dense subspace of Co(R), namely on the space of all the functions 
f € CoN L! (R) such that fhasa compact support. This functional has a 
unique bounded extension to Co(R}, which, by the Riesz representation 
theorem, has the form f > f f(x)du(x). Moreover, elum < C. 
Using (2.4) again we see that £ — y is orthogonal to all the continuous, 
compactly supported functions f with f € L'(IR), and consequently 
p= fp. < 
Remark: The family {f} of test functions for which (2.6) should be 
valid can be taken in many ways. The only properties that have been 
used are that {f} is dense in Co (R) and {f} is dense in Co(IR). Thus we 
could require the validity of (2.6) only for (a) functions f such that f is 
infinitely differentiable with compact support; or (b) functions f which 
are themselves infinitely differentiable with compact support, and so 
on. 


2.5 With measures on R we can associate measures on T simply by 
integrating 27-periodic functions. Formally: if E is a Borel set on T 
(T being identified with (—7z,z]) we denote by En the set E + 2an and 
write E = UE;; if u € M(IR) we define 


pr(E) = ME). 


It is clear that ur is a measure on T and that, identifying continuous 
functions on T with 27-periodic functions on R 


(2.7) | [ fajde = [ f(t)at. 


The mapping u +> pr is an operator of norm one from M(R) onto 
M(T), and its restriction to Z/(IR) is the mapping that we have discussed 
in section 1.15. It follows from (2.7) that A(n) = fr(n) for all n; thus 
the restriction of a Fourier-Stieltjes transform to the integers gives a 
sequence of Fourier-Stieltjes coefficients. 


Theorem. 4 function y defined and continuous on R, is a Fourier- 
Stieltjes transform if, and only if, there exists a constant C > 0, such 
that forall > 0, {p(n)}92_., are the Fourier-Stieltjes coefficients 


of a measure of norm < C on T. 
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PROOF: If = fi with u € M(IR) we have y(n) = A(n) = fir(n) with 
larl] < ||]. Writing dy(a/) for the measure satisfying 


J toa) = [ £00) due 


— 


we have le/la = |æ and p(a/A)(€) = ACEA). This implies 
glàn) = p(a/A)r(n) and the "only if" part is established. 

For the converse we use 2.4. Let f be continuous and integrable 
on R and assume that f is infinitely differentiable and compactly sup- 
ported. We want to estimate the integral + f f (€)y(-&dé and, since 
the integrand is continuous and compactly supported, we can approxi- 
mate the integral by its Riemann sums. Thus, for arbitrary < > 0, if À is 
small enough: 


eD |z [Poroa] < È E janean] +e. 


Now, (å/27) f(An) are the Fourier coefficients of the function y(t) = 
se f(@+2am)/X) on T, and since the infinite differentiability of 


maxX 


f implies a very fast decrease of f(x) as |z| — œ, we see that if À is 
sufficiently small 


(2.9) sup|q),(t)| < sup|f(a)| +e. 


Assuming that p(An) = a(n}, ua € M(T) and ||pallarcr) < C, we 
obtain from Parseval’s formula 


as E jonen 


= [S danial n) < C supla (®l; 


by (2.8) and (2.9) 


a [ Oeod < Csupifte)| + (C+D 


and since ¢ > 0 is arbitrary, (2.6) is satisfied and the theorem follows 
from theorem 2.4. < 


2.6 Parseval’s formula also offers an obvious criterion for determin- 
ing when a function y is the Fourier-Stieltjes transform of a positive 
measure. The analog to 2.4 is 
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Theorem. 4 function y, bounded and continuous on R, is the Fourier- 
Stieltjes transform of a positive measure on R if, and only if, 


(2.10) J FOE 0 


for every nonnegative function f which is infinitely differentiable and 
compactly supported. 


PROOF: Parseval’s formula clearly implies the "only if" part and also 
the fact that if we assume y = jf with u € M(R), then p is a positive 
measure. To complete the proof we show that (2.10) implies (2.6), 
with C = (0), for every real-valued, compactly supported infinitely 
differentiable f (hence with C = 2(0) for complex-valued f). 

As usual, we denote by Ky (a) the Fejér kernel (1.8) and notice that 


ATK) (x2) = Kr) = + (SSL) is nonnegative and tends to 1/27, 
as à — 0, uniformly on compact subsets of R. By (1.12) the Fourier 
transform of K(Ax) is A7! max(1 — |€|/A,0) and, as (£) is continuous 


até =0, 


211) lim f ZKE E) dE = (0). 


If f is real-valued and compactly supported and £ > 0, then, for suffi- 
ciently small A and all z, 


2n(s + sup| f|) K (Ax) — f(x) 2 0; 
hence, by (2.10) and (2.11), if f € L'(IR) 
2.12) ae | FEAE) dg < o(0)(22 + supl f), 


rewriting (2.12) for —f and letting € — 0 we obtain: 


- J FCEE) d| < (0) supl Fl. < 


2.7 The analog to 2.5 is: 


Theorem. 4 function ọ, defined and continuous on R, is the Fourier- 
Stieltjes transform of a positive measure, if and only if, for all X > 0, 
{y(An)}°2_., are the Fourier-Stieltjes coefficients of a positive mea- 
sure on T. 


150 AN INTRODUCTION TO HARMONIC ANALYSIS 


PROOF: The "only if” part follows as in 2.5. For the "if" part we notice 
first that if y(An) = faln) with ua > 0 on T, then ||z\|| = (0) and 
consequently, by 2.5, y is a Fourier-Stieltjes transform. Using the con- 
tinuity of y we can now establish (2.10) by approximating the integral 
by its Riemann sums as in the proof of 2.5. < 


2.8 Definition: A function y defined on R is said to be positive definite 


if, for every choice of &,...,€y € R and complex numbers ~,..., zx, 
we have 
N 
(2.13) Y lg) — Sez 20. 
j,k=1 


Immediate consequences of (2.13) are: 


(2.14) y(—€) = pE) 
and 
(2.15) Ie(€)| < (0). 


In order to prove (2.14) and (2.15), we take N = 2, 2 l, 2 = z; 
then (2.13) reads 


PO + |z|") + (Ez + v(—€)z = 0; 


set z = 1, we get y(£) + y(—&) real; set z = i, we get i(y(s) — y(-€) 
real, hence (2.14). If we take z such that zy(£) = —|y(£)| we obtain: 


2(0) — 2|p(g)| > 0 
which establishes (2.15). 


Theorem (Bochner). A function y defined on R, is a Fourier-Stieltjes 
transform of a positive measure if, and only if, it is positive definite and 
continuous. 


PROOF: Assume first y = fj with u > 0. Let &,...,Ey € N and 
21,--.,2N be complex numbers; then 


Ag = ezzr = | etc! edule) 


ds 
r N 
= [ Zj€e 7 
. 1 


(2.16) ; 
du(x) > 0 
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so that Fourier-Stieltjes transforms of positive measures are positive 
definite. 

If, on the other hand, we assume that ọ is positive definite, it follows 
that for all A > 0, {y(An)} is a positive definite sequence (cf. I.7.6). 
By Herglotz’ theorem 1.7.6, g(An} = ji,(n) for some positive measure 
Ha on T, and by theorem 2.7, p = j for some positive u € M(R). < 


*2.9 Some assumption of continuity of y in Bochner’s theorem is es- 
sential, but one may assume only that it is continuous at € = 0 since a 
positive definite function which is continuous at € = 0 is uniformly con- 
tinuous on the line. This can be obtained directly from condition (2.13) 
or as a consequence of Lemma I.7.7 applied to y(An), and letting à — 0 
(see exercise 9). 


Lemma. Let y = {i for some positive p € M(R). Assume that ¢ is 
twice differentiable at € = 0 or just that 2:9(0) —y(h) —y(—h) = O (h°). 
Then f x* dp < co, and ọ has a uniformly continuous second derivative 
on R. 


PROOF: The assumption is that for some constant C, 


2h-2(9(0) — lh) — p(—h)) = J 2h-2(1 — cos hajdula) < C. 
Since the integrand is nonnegative, for every a > o, 


J z’dule) < timint f 20 — cos ha)du(a) < C. 


—a 


Now, v = x? € M(R), and y” = —ò. < 


Notice that if 2(0) — y(h) — y(—h) = o(h?), we have u = v(0)dp. 
By induction on m we obtain 


Proposition. Let p = ĝ for some positive p € M(R). Assume that 
y is 2m-times differentiable at € = 0, then f x?™du < œ, and ọ has 
a uniformly continuous derivative of order 2m on R. If g°™(0) = 0, 
then u = p(0)dp. 


*2.10 Positive definite functions which are analytic at € = 0 are au- 
tomatically analytic in a strip {¢:¢ = € + %n, |n| < a}, with a > 0. 
By Bochner’s theorem (and the previous remark) such functions are 
Fourier-Stieltjes transforms of positive measures. 
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Lemma. Let u be a positive measure on R. Assume that F(€) = jil€) 
is analytic at € = 0. Then there exists b > 0 such that f eè\”ldu < 00 and 
Ê is the restriction to R of the function 


(2.17) F(= | aue), 


PROOF: The assumption is: for some a > 0, F( = O° EMO) en 


n! 
in |€| < a. This implies |F((0)| < Cn!a~”, and in particular that 
f 2? dp < C(2m)!a-?™. Since fal?! < 2?” + 2?™t?, we have 


[iPr ay < (2+ a7)C(2m + 2)la 2m? 


and 


l n” |x|" Jæ Pdu 
(2.18) fewia=> | e ae = op diete < 00 


for all n <a. < 


An immediate corollary of (2.17) is the fact that F(£ + i7) is positive 
definite in £, and (with ¢ = £ + in), 


(2.19) IF (¢)| < F(in). 
Also, since F“*)(¢) = f(—ia)*e~*S* du, we have 
(2.20) POO) < FOG) +00). 


It follows that if {¢ = £ + in: ag < 7 < a} is a maximal strip in which 
F(C) is holomorphic, then the points iao and ia, are both singular points 
of F. 

If F is holomorphic on the entire imaginary axis, it is entire and we 
obtain the following special case of a theorem of Marcinkiewicz: 


Theorem. Assume that e?) is the Fourier-Stieltjes transform of a 
positive measure, with P a polynomial, then deg P < 2. 


PROOF: We must have e? = f e~“*du. If P(€) = Wh azét, ap # 0, 


there are k directions 3; such that F (re) = eler" l+0(r* =) By (2.19) 
0; = +5 and k < 2. < 
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*2.11 Positive measures and positive definite functions are the bread 

and butter of Probability theory, which uses its own terminology. 

A real-valued random variable is, by definition, a measurable real- 
valued function X on some probability measure space (0, 8, P). 

The expectation of an integrable random variable X is its integral 
with respect to P. It is denoted E (X). 

The distribution of a (real-valued) random variable X is the image 
of P under X; it is a probability measure on R. 

The (cumulative) distribution function of X is the function 


(2.21) Fx(\) = P(X <A); 


(so that the distribution of X is simply the measure dFx). If ® is con- 
tinuous on R then ® o X is integrable on (9, B, P) if, and only if @ is 
integrable dFx, and 


(2.22) E(®oX)= f oaro. 


The characteristic function of a random variable X is, by definition, the 
Fourier-Stieltjes transform of its distribution. Taking ®(X) = e’* in 
equation (2.22), we have 


(2.23) Xx (6) =E (e**) = J ed Fy (A). 


The term is justified by the uniqueness theorem 2.2 

A normal (real-valued) variable is one whose distribution dFx is 
G(x)dx; X is Gaussian if it is a constant multiple of a normal variable. 
Notice that X is normal if, and only if, X y (€) = G(é) = en. 

A sequence X,„ of real-valued random variables converge in distri- 
bution to Xo means: dFx„ — dF'x, in the weak-star topology. 


2.12 For the convenience of future reference we state here the analog 
to Wiener’s theorem 1.7.13. The theorem can be proved either by es- 
sentially repeating the proof of 1.7.13 or by reducing it to 1.7.13. We 
leave the proof as an exercise (exercise 7 at the end of this section) to 
the reader. 


Theorem. Let u € M(R). Then 


Daley? = lim sy fh ale ae. 
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In particular, a necessary and sufficient condition for the continuity of 
pis 


1 p> . 
lim — AOP dé =0. 
im i) é 


EXERCISES FOR SECTION 2 


1. Denote by ôn, the measure of mass one on R concentrated at x = n. 
Show that limp—oo dn = 0 in the weak-star topology of M/(R) and conclude 
that weak-star convergence of a sequence of measures does not imply pointwise 
convergence of the Fourier-Stieltjes transforms. 

2, Let un = n` (1 + do +--+ + bn). Show that un — 0 in the weak- 
star topology and fi, (€) converges for every £ € R; however, lim jin (€) is not 
identically zero. 

3. A set B C M(R) is uniformly-boundedly-spread (B € UBS for short), 
if it is bounded and lim, sup, <5 Jiajs altel = 0. 


a. Prove that B € UBS implies equi-continuity of {ji: u € B}. 

b. If un are probability measures, and {ji,} is equi-continuous at € = 0 then 
{un} E UBS. 

c. If {un} € UBS, and un — u in the weak-star topology, then fn(£) — ACE) 
uniformly on compact subsets of È. 

4, Let un E M (R) such that ||un|| < 1. Assume that An converges pointwise 
to a continuous function ». Show that y = ~ for some u € M(R) such that 
æl] < 1; moreover, fen — u weak-star. 

5. Let An be integers such that àn+1/Àn > 3. Write Xn = V2 cos Ajt. 
(Xn are real-valued random variables on the probability space T endowed with 
the normalized Lebesgue measure). Prove that Xn» converge in distribution to a 
normal variable. 

Hint: Exercise V.1.11. 

6. Show that if y is continuous on R and (2.10) is valid, then y is posi- 
tive definite. Conclude from (2.15) that the boundedness assumption of 2.6 is 
superfluous. 

7. Prove Theorem 2.12. 

8. Express p{[a, b]} and u{ (a, b)} in terms of Å. (la, b] is the closed interval 
with endpoints a and b, and (a, b) is the open one.) 

9. Let an be complex numbers, |an| < 1. Set bn = an+1 — Gn and cr = 
bn — bn—1 = An41 + Gn—1 — 2an. Prove that if |en] < g, then |bn| < 2/e. 

a. How does this imply that a positive definite function which is continuous at 
€ = 0 is uniformly continuous on R? 

b. Prove that if y is positive definite and y(0) — Ry(h) = o(h?), as h — 0, then 
vp is a constant. 
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10. Show that there exists a uniformly continuous bounded function y 
which is not a Fourier-Stieltjes transform, and such that {y(An)} is a sequence 
of Fourier-Stieltjes coefficients for every > > 0. 

Hint: Construct a continuous function with compact support which is not a 
Fourier transform of a summable function. 


3 FOURIER TRANSFORMS IN £?(R); 1 <p < 2. 


The definition of the Fourier transform (i.e., Fourier coefficients) 
for functions in various function spaces on T, was largely simplified 
by the fact that all these spaces were contained in L'(T). The fact that 
the Lebesgue measure of R is infinite changes the situation radically. 
If p > 1 we no longer have L? C Lt, and, if we want to have Fourier 
transforms for functions in L”(R) (or other function spaces on R), we 
have to find a new way to define them. In this section we consider the 
case 1 < p < 2 and obtain a reasonably satisfactory extension of the 
Fourier transformation for this case. 


3.1 We start with L? (R). 


Lemma. Let f be continuous and with compact support on R; then 
L fig 2 
5, POP de j If) de. 
T, 
We give two proofs. 


PROOF I: Assume first that the support of f is included in (—7, r). By 
theorem 1.5.5, 


z [e= X |z 


and replacing f by e~*°* f we have 


6-1) [ioes E fato 


n=- 


integrating both sides of (3.1) with respect to a on 0 < a < 1, we obtain 


[iroa = = [iitoras. 
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If the support of f is not in (=r, m), we consider g(x) = A f(Ax). If 
à is sufficiently big, the support of g is included in (—z,7) and, since 
AlE = ATM? F(E/d), we obtain 


[ioiez fioa faota 5 [Ae Pas. 


< 


PROOF II: Write g = f » f(—a); we have g(0) = f f(a)f(a)dz = 
{\f(a)Pde and 9(€) = |f(6)?. If we know that f|F(E)PdE < 00 (e.g, we 
assume that f is differentiable), it follows from the inversion formula 
(1.11) that 


z | MOP a = 910) = fioa. 


In the general case we may apply Fejér’s theorem and obtain 


din ge f (1- É) Aora = a) 


and, since the integrand is nonnegative, its C-1 summability is equiva- 
lent to its convergence and the proof is complete. < 


DEFINITION: For g € L? (R) we write 


1 1/2 
ila = (se flat@rac) 


Theorem (Plancherel). There exists a unique operator F from L?(R) 
onto L?(IR) having the properties: 


(3.2) Ff=f for fel 'nL?(R), 
(3.3) IFFI = IFI z2) 


Remark: In view of (3.2) we shall often write f instead of F f. 


PROOF: We notice first that Z+ N Z?(R) is dense in L?(IR) and conse- 
quently any continuous operator defined on L7(IR) is determined by its 
values on L!  L7(IR). This shows that there exists at most one oper- 
ator satisfying (3.2) and (3.3). By the lemma, (3.3) is satisfied if f is 
continuous with compact support, and since continuous functions with 
compact support are dense in L! N L?(R) (with respect to the norm 
Il llz:œ + | llz2a)), (3.3) holds for all f € L' N L?(R). The mapping 
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f> f clearly can be extended by continuity to an isometry from L? (R) 
into Z? (R). Finally, since every twice differentiable compactly sup- 
ported function on R is the Fourier transform of a bounded integrable 
function on R (1.5 and the inversion formula), it follows that the range 
of f > f is dense in L? (R) and hence coincides with it. < 


Remarks: (a) Given a function f € L7(IR) we define f as the limit (in 
L7(IR)) of fn, where fn is any sequence in L! N L7(IR) which converges 
to f in L7(IR). As such a sequence we can take 


_ J f(a) |z| <n 
E se 


and obtain the following form of Plancherel’s theorem: the sequence 
64) RO= | od 


converges, in L? (R), to a function which we denote by f, and for which 
(3.2) and (3.3) are valid. 

(b) The mapping f — f being an isometry of L?(R) onto L? (R), 
clearly has an inverse. Using theorem 1.11 and the fact that we have an 
isometry, we obtain the inverse map by f = lim fin) in L7(JR) where 


(3.5) fool) = 52 : fede. 
(c) Parseval’s formula | 
G6) [roe f KOO 
for f.g € L?(R), follows immediately from (3.3) (and in fact is equiva- 


lent to it). 


3.2 We turn now to define Fourier transforms for functions in L?(R), 
1 <p <2. Using the Riesz-Thorin theorem and the fact that F : fo f 
has norm 1 as operator from L'(IR) into L (IR) and from L? (R) onto 
L? (IR), we obtain as in TV.2: 


Theorem (Hausdorff-Young). Let 1 < p < 2, q = p/(p — 1) and 
f EL ALR). Then 


(2. fiora) < (frora). 
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For f € LP(R), 1 < p < 2, we now define f by continuity; for 
example, as the limit in L7(IR) of f” e~** f(x)dx. The mapping F : 
f = f so defined is an operator of norm 1 from L?(R) into L4(R); 
however, it is no longer an isometry and the range is not the whole of 
(see exercise 10 at the end of this section). 


3.3 The fact that for p < 2, F is not an invertible operator from L?(R) 
onto LI(R) makes the inversion problem more delicate than it is for 
L?. The situation in the case of L?(R) is similar to that which we 
encountered for L?(T). We have inversion formulas both in terms of 
summability and in terms of convergence. The summability result can 
be stated in terms of general summability kernels without reference to 
the Fourier transform as we did in 1.10 for L! (R); and in fact the state- 
ment of Theorem 1.10 remains valid if we replace in it Z'(R)by L?(R), 
1 <p < oo. For p < 2 we can generalize theorem 1.11. We first 
check (see exercise 9 at the end of this section) that if g € DUR) and 
f € L! (R) then f * g is a well-defined element in Z? (R) and fg = fo. 
This is particularly simple if we take for f the Fejér kernel K}: we have 


Kos=(1- É) 


and, since K, » g is clearly bounded (K, € L4(R), q = p/(p—1)) and 
hence belongs to L! N L°(IR) c L?(IR), it follows that 


1 fò , 
Kess | (1-5!) aoea 


and from the general form of theorem 1.10 we obtain: 


Theorem. Letg € L?(R), 1 <p < 2; then 


od 
g= jim z f (1-5!) aora 
J—x 


Asoo 27 
in the LP (R) norm. 


Corollary. The functions whose Fourier transforms have compact sup- 
port form a dense subspace of LP (R). 


3.4 The analog to the inversion given by 3.1, remark (b) (i.e., con- 
vergence rather than summability) is valid for 1 < p < 2 but not as 
easy to prove as for p = 2; it corresponds to theorem II.1.5 and can be 


VI. FOURIER TRANSFORMS ON THE LINE 159 


proved either through the study of conjugate harmonic functions in the 
half-plane, analogous to that done for the disc in chapter IL, or directly 
from II.1.5. The idea needed in order to obtain the norm inversion for- 
mula for LP(R), 1 < p < 2, from II.1.5 is basically the one we have 
used in proof I of lemma 3.1. 

For f € Ur<p<oL?(IR) we write Sy(f,2) = & fy feet" dé. 


Lemma. for 1 < p< œ, there exist constants C, such that 


(3.7) Sn flre < llf llew) 
Jor every function f with compact support and every N > 0. 
PROOF: Inequality (3.7) is equivalent to the statement that, for M — oo 


1/p 


M 
(3.8) (i ISn(f, oa) < Opli flle. 


Writing ym(x) = MP f(Mz) we see that ||yar|| rece) = || f ll cece) and 
check that 


(3.9) Sun(yu,2) = MV? Sn(f, Mz). 


In view of (3.9), (3.8) is equivalent to 


al 1/p 
(3.10) (J Sun(eut) de) < Clipul. 


—1 
As M — œ, the support of ym shrinks to zero and consequently the 
lemma will be proved if we show that (3.8) is valid, with an appropriate 
Cp, for all f with support contained in (—r, r) for M = 1 (or any other 
fixed positive number) and for all integers N. We now write 


1 N-1 


(3.11) fiz) = / YS alt (n + ajet) doy 


and notice that $7” Fi (+) f(n + aje”? is a partial sum of the Fourier 
series of f(x)e~*°* (it is carried by (—r, 7) which we now identify with 
T). As an L?(T)-valued function of a, the integrand in (3.11) is clearly 
continuous’ and, by II.1.2 and II.1.5, it is bounded in L?(T) by a con- 
stant multiple of || fet lui = (27) ~'/?||f || zeae). We therefore obtain 


1 1/p 1/p 
(/ IS (fo)e) (f Su(f.2)|"dr) < Cyllfl ince 


tNote that f, having a compact a support, is in L1(R) and f is therefore continuous. 
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and the proof is complete. < 


Corollary. For1 < p < 2, inequality (3.7) is valid for all f € LP (R). 


PROOF: Write f = liMmp—oo fn, with fn € DPR), fn having compact 
supports and the limit being taken in the L?(IR) norm. By theorem 3.2, 
f = lim fa in LI(R) and consequently, we have for every fixed N > 0, 
Sn (f, x) = lim, Sw(f,, 2) uniformly in x. It follows that 


Sin (Pl) <lim inf] Sw (fa) lze) < 


Cp lim|| falle = Cp|| flle. a 


Theorem. Let f € L?(R), 1 <p <2. Then 


Jim Sn(f) — flle = 9. 

PROOF: {Sy} is a uniformly bounded family of operators which con- 
verge to the identity, as N — oo, on all functions with compactly sup- 
ported Fourier transform, and hence, by corollary 3.3, it converges to 
the identity in the strong topology. < 


EXERCISES FOR SECTION 3 


1. Let B C £e be a homogeneous Banach space on R and let f € B. Show 
that: (a) for every y € L'(R), p * f can be approximated (in the B norm) 
by linear combinations of translates of f. In other words: for every € > 0, 
there exist numbers y1,..., Yn € R and complex numbers A1,..., An such that 
les f- E? Afu < e where fy(x) = fle — y). 

(b) For every y € R, fy can be approximated by functions of the form y « f 
with y € L! (R). Deduce that a closed subspace H of B is translation invariant 
G.e., f € H implies fy € H for all y € R) if, and only if, f € H implies 
px f € H for every y € L'(R). 

2. Let F,G € L?’ (R) and assume F (£) = 0 implies G(€) = 0 for almost all 
¿ e È. Show that, given £ > 0, there exists a twice-differentiable compactly 
supported function ® such that 


OF -Glz < £ 


3. Let f,g € L?(R) and assume that f(€) = 0 implies 9(€) = 0 for almost 
all £ € Ñ. Show that g can be approximated on L?(R) by linear combinations 
of translates of f. Hint: Use exercises I and 2 and Plancherel’s theorem. 
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4. For measurable sets E C Ê denote He = {f € L?(R):f = Inf}. 
Prove that Hy is a closed translation invariant subspace of L? (R), and that 
every closed translation invariant subspace of L° (R) is obtained this way. 

5. Show that every closed translation invariant subspace of L?(R) is singly 
generated. 

6. Let f € L? (R). Show that the translates of f generate L?(R) if, and only 
if, f + 0 almost everywhere. 

7. The information obtained from exercises 2 through 6 can be obtained 
very easily by duality arguments (i.e., using the Hahn-Banach theorem). For 
instance, by Plancherel’s theorem, exercise 6 is equivalent to the statement that 
{F€ zer spans L?(R) if, and only if, f(€) 4 0 almost everywhere. By the 
Hahn-Banach theorem { f(é)e“*"}.<e does not span L?(R) if, and only if, there 
is a function y € L? (R), not identically zero, such that f f(€)b(O)e'§" dé = 0 for 
all x € R. By the uniqueness theorem this is equivalent to: fx = 0 identically, 
that is, f vanishes on the support of w. 

Use the same method to prove exercises 3 through 5. 

8. Both the "if" and the "only if" parts of exercise 6 are based on Plancherel’s 
theorem and are both false for Z” (R), p < 2. Assuming the existence of a mea- 
sure u carried by a closed set of measure zero and such that à € L4 for all g > 2, 
construct a function f € L'ML°°(R) such that f(€) 4 0 almost everywhere and 
such that the translates of f do not span L?(R) for any p < 2. 

Hint: Put p on R. 

9. Show that if f € L'(R) and g € L” (R), then fxg = fô. 

We denote by FL” the space of all functions f such that f € L” (R), (thus 
FL! = A(R)). By definition: 


\fllece = |[fllerc- 


10. If u € M(R) and y € FL’, 1 <p <2, then ĝy € FL’. 
11. Show that if p € FL’, 1 < p < 2, and if we write 


— Jee) €>0 


then Y € FL, and illl < Cp||vrr|l- 
12. Let a and 8 be real numbers, af 4 0. Show that ify € FL, I <p < 2, 


and if we write 
p(B) § <0, 
then Wa, E FDI. 
13. Let f € L? (R), 1 < p < 2. Show that h(x) = 21 fia — y) sin y/ydy 
is well defined and continuous on R, k € L?(R) and ||Alleeœ < Cpl ller- 
14. Show that, for 1 < p < 2, the norms ||y||¢z» and ||y||,4¢a) are not 
equivalent. Deduce that FL? + LI (R) (q = p/(p — 1)). Hint: See IV.2. 
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4 TEMPERED DISTRIBUTIONS AND PSEUDO-MEASURES 


In the previous section we defined the Fourier transforms for func- 
tions in L?(IR), 1 < p < 2, by showing that on dense subspace on which 
F : f= f is already well defined (e.g., on L! N L?(R)), we have the 
norm inequality 


lf 


and consequently there exists a unique continuous extension of F, as 
an operator from L?(R) into L4(R). If p > 2 this procedure fails. It is 
not hard to see that not only is it impossible to extend the validity of the 
Hausdorff-Young theorem for p > 2, but also there is no homogeneous 
Banach space B on R such that for some p > 2, some constant C and 
all f € L A LS (R), 


La (R) < IFI 


Iflg < CIF. 

So, a different procedure is needed if we want to extend the notion 
of Fourier transforms to L? (R), p > 2. Clearly, we try to extend the 
notion, keeping as many of its properties as possible; in particular, we 
would like to keep some form of the inversion formula and the very use- 
ful Parseval’s formula. We realize immediately that, since the Fourier 
transforms of measures are bounded functions, if any reasonable form 
of inversion is to be valid, the Fourier transforms of some bounded 
functions will have to be measures; and once we accept the idea that 
Fourier transforms need not be functions but could be other objects, 
such as measures, the procedure that we look for is given to us by Par- 
seval’s formula. 

So far we have established Parseval’s formula for various function 
spaces as a theorem following the definition of the Fourier transforms 
of functions in the corresponding spaces. In this section we consider 
Parseval’s formula as a definition of Fourier transform for a much larger 
class of objects. Having proved Parseval’s formula for L?(IR), 1 < p < 
2, we are assured that our new definition is consistent with the previous 
ones. 


4.1 We denote by S(IR) the space of all infinitely differentiable func- 
tions on R which satisfy: 


(4.1) lim a? f(x) =0 foralln >0, j >0. 


S(R)} is a topological vector space, the topology given by the family 
of seminorms 


(4.2) Illja = suple” fO (x)|. 
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This topology on S(R) is clearly metrizable* and S(R) is complete, in 
other words, S(IR) is a Frechet space. 


DEFINITION: A tempered distribution on R is a continuous linear 
functional on S(R). 

We denote the space of tempered distributions on R that is, the dual 
of S(R), by S*(R). SCR) is a natural space to study within the theory 
of Fourier transforms. By theorems 1.5 and 1.6 we see that if f € 
S(R) then f € S(R) (the analogous space on R) and, as €"f(€) is 
the Fourier transform of (prt I) we see that the mapping 
f  f is continuous from S(R) into S(R). By the inversion formula 
this mapping is onto S(R) and is bicontinuous. 

We now define fi, for p € S*(IR), as the tempered distribution on R 
satisfying 


(4.3) D= (fa) 


for all f € S(R). 

The space of tempered distributions on R is quite large. Every 
function g which is measurable and locally summable, and which is 
bounded at infinity by a power of x can be identified with a tempered 
distribution by means of: 


(fa) = | Nd fe SiR) 


and so can every g € L? (R), for any p > 1, and every measure u € M(R); 
thus our definition has a very satisfactory domain. However, the range 
of the definition is as large and this is clearly a disadvantage; it gives 
relatively little information about the Fourier transform. We thus have 
to supplement this definition with studies of the following general prob- 
lem: knowing that a distribution u € S*(IR) has some special properties, 
what can we say about u? 

Much of what we have done in the first three sections of this chapter 
falls into this category: if u is (identified with) a summable function, 
then Å is (identified with) a function in Co(R); if u is a measure, then 


TA sequence of functions fm € S(R) converges to f if imm—ool| fm — f lljn = 0 for 
all j > O and n > 0. The metric in S(R) can be defined by: 


. 1 [If —allyn 
dsfg) = A sary +I- allae 
jn>0 
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Ê is a uniformly continuous bounded function; if y € L?(R) with 
1 <p <2, then fi € LY(R), g=p/(p—1). 

We shall presently obtain some information about Fourier trans- 
forms of functions in L” (R) with 2 < p < œ but we should not leave 
the general setup without mentioning the notion of the support of a 
tempered distribution. 


4.2 DEFINITION: A distribution v € S*(IR) vanishes on an open set 
O CR, if (y,v) = 0 for all y € S(R) with compact support contained 
in O. 


Lemma. Let QO , Oz be open on R and let K be a compact set such that 
K CO, UO». Then there exist two compactly supported C® functions 
pı and p> satisfying: support of p; C 0; andy, + yo =1 0n K. 


PROOF: Let U; C O; have the following properties: U; is open, U; is 
compact and included in O;, and K C U, U U2. Denote the indicator 
function of U, by yı and that of Uz \ U1 by y2. Let ¢ > 0 be smaller 
than the distance of K to the boundary of U; U U> and also smaller than 
the distance of U; to the complement of O,;,7 = 1,2. Let d(a) be an 
infinitely differentiable function carried by (—<,<) and whose integral 
is 1. Then we can take y; = y; * ô < 


Corollary. [fv € S*(R)} vanishes on O, and on Og, it vanishes on 
Oı U Ob. 


PROOF: Let f € S(R) have a compact support included in O1 U Oo. 
Denote the support of f by K and let y1, ye be the functions described 
in the lemma. Then p; € S(R), f = flyı + p2) = fyi + fyz. Now 
(fpi v} = 0, (f¢1,v) = 0, and consequently (f, v} = 0. < 


Our corollary clearly implies that the union of any finite number of 
open sets on which v vanishes has the same property, and since our 
test functions all have compact support, the same is valid for arbitrary 
unions. The union of all the open sets on which v vanishes is clearly 
the largest such set. 


4.3 DEFINITION: The support X(v) of v € S*(R) is the complement 
of the largest open set O C R on which v vanishes. 


Remarks: (a) If v is (identified with) a continuous function g then =(v) 
is the closure of {x : g(x) # 0}. Ifv is a measurable function g then X(v) 
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is the closure of the set of points of density of {x : g(x) # 0}. The set 
of points of density of {x : g(a) # 0} is a finer notion of support which 
may be useful (cf. exercise 3.4). 

(b) The definition of =(v) implies that if p € S(R) and if the sup- 
port of y is compact and disjoint from Sv) then (y, v) = 0. It may be 
useful to notice that if% € S(R) and if ô is infinitely differentiable with 
compact support and 6(0) = 1, then y = lim ,—od(Az) in S(IR), and 
consequently if the support of 1) is disjoint from 4(v) (but not neces- 
sarily compact) we have (y, v) = lim,9(0(Az)w, v) = 0. In particular, 
if D(v) = f then v = 0. 

(c) Let B > S(IR) be a function space and assume that every f € B 
with compact support can be approximated in the topology of B by 
functions y, € SUR) such that the supports of yn tend to that of f. Let 
v € S*(IR) and assume that v can be extended to a continuous linear 
functional on B. If f € B has a compact support disjoint from S(v), 
then (f,v) = 0. 


4.4 S(IR) is an algebra under pointwise multiplication. The product fv 
of a function f € S(IR) and a distribution v € S*(IR) is defined by 


(g, fv) = (gf, v), g E€ S(R). 


i.e., the multiplication by f in S*(IR) is the adjoint of the multiplication 
by f in SCR). From the definitions above, it is clear that X( fv) < 
af) A dv). 


4.5 We denote by FL? = FL”(IR)) the space of distributions on R 
which are Fourier transforms of functions in L?(R),1 < p < œ (we 
keep the notation A(R) for FL1(R)). FL” inherits from L?(R) its Ba- 
nach space structure; we simply put || f\|-,» = || f||Z?(R); and we can 
identify FL? with the dual of FL? if q = p/(p— 1) < œ. In par- 
ticular, FL% is the dual of A(R). This identification may be consid- 
ered as purely formal: writing ( f, ĝ) = (f, g) carries the duality from 
(L (R), LI(R)) to (FLP, FLI), however, we have already made enough 
formal identifications to allow a somewhat clearer meaning to the one 
above. Having identified functions with the corresponding distribu- 
tions, we clearly have S(R) c FL” and, ifp < co, S(R) is dense 
in FLP; consequently, every continuous linear functional on FL? is 
canonically identified with a tempered distribution. The identification 
of FL! as the dual of FL’ now becomes a theorem stating that a dis- 
tribution v € S*(IR) is continuous on S(R)} with respect to the norm 
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induced by FL” if, and only if, v € FLY. We leave the proof as an 
exercise to the reader. 

We now confine our attention to FL®. If j is a measure in M(R), 
it is the Fourier transform of the bounded function h(x) = f e°dy(€); 
thus M(IR) c FL®. The elements of FL are commonly referred to 
as pseudo-measures. It is clear that M(R) is a relatively small part of 
FL”; for instance, if py € L” is not uniformly continuous on R, ¢ 
cannot be a measure. 

DEFINITION: The convolution hy * ho of the pseudo-measures hy and 
ho, (hy € L®(R)), is the Fourier transform of hı ho. 

Again we reverse the roles; we take something which we have proved 
for measures, as a definition for the larger class of pseudo-measures. 
Thus, if hy and ho happen to be measures, ħi * ħa is their (measure 
theoretic) convolution. 


4.6 Another case in which we can identify the convolution is given by 


Lemma. Let hı € L® (R) and hz € L! AO L® (R); then 


(4.4) (hi * ho)(€) = (ha(€ — n), a CD). 


PROOF: We remark first that hiho € L! N L®(R)} and consequently 
hi x ho = hy H € A(R) so that we can talk about its value at £ € R. If 
hı € S(R) we have 


(hy x hy) (€) = J hi (z)ha(z)e 7dr = + J hi (mhala) é 79 dx dn 


= a / ho(€ — n)ha(m)dn = (l€ — n), hi(n)). 


Since SUR) is dense in L° (IR) in the weak-star topology (as dual of 
L! (RY), and since both sides of (4.4) depend on hı continuously with re- 
spect to the weak-star topology, (4.4) is valid for arbitrary hı € L°°(R). 


Corollary. If hı € L©(R) and ha € L! N L®(R), then 
D(hy * hg) C D(A) + Elha). 

4.7 This corollary can be improved: 

Lemma. Assume hı, ho € LY (UR). Then 


E(hi * ho) C Dh) + D(a). 


VI. FOURIER TRANSFORMS ON THE LINE 167 


PROOF: Consider a smooth function f € A(R) with compact support 
disjoint from E(h1) + Nha). We have to show that (f, hiha} = 0 which 
is the same as f fhihodz = (Fha, ha) = =0. 

Now s) = = {€:—€ € E(ħı)} and, by 4.6, SFin) Cc ¥(f)+¥(h). 
If ĉo € }( fh) NE(ha), then there exist no € X(f) and m € (f1) such 
that £9 = mo — m, that is, no = ĉo + m. This would contradict the 
assumption E(f} N (= D(hi) + S(h2)) = = 9. It follows that E(fhi) is 


disjoint from D(h2), hence (F, hiho) = (fin, hy) = = 0 and the lemma is 
proved. < 


4.8 The reader might have noticed that we were using not only the du- 
ality between L'(IR) and L°°(R) but also the fact that a multiplication 
by a bounded function is a bounded operator on L! (R}. Another opera- 
tion between L! (R} and L° (IR) which we have used is the convolution 
that takes L' x L° into L° (IR). Passing to Fourier transforms we see 
that FL” is a module over A(R) the multiplication of a pseudomeasure 
by a function in A(R) being the adjoint of the multiplication in A(R). 
This extends the notion of multiplication introduced in 4.4. 


4.9 Let k be an infinitely differentiable function on R, carried by [—1, 1] 
and such that f k(£}dé = 1. For f € A(R) we set 


A = ARO) sf =A f k(An) ÊE — man. 


fy is infinitely differentiable, EA) c E(f) + [-1/A,1/A], and as 
A œ, fy > f in A(R). 

By 4.3, remark (c) it follows that if v € FL” and if f € A(R) has 
a compact support disjoint from “(v), we have (f ,v) = 0. Further, if 
f € A(R) and (À N X(v) = ģ, it follows that (1 — |€|/A)f,v) = 
for all À > 0 and letting 4 — oo, we obtain (f,v) = 0. For convenient 
reference we state this as: 


Lemma. Letv € FL” and f € A(R). If =(f) AOE) = O then 
(f,v) = 0. 


4.10 We leave the proof of the following lemma as an exercise to the 
reader. 


Lemma. Letv € FL” and f € A(R): then 


Elfr) c E(f) O Ev). 
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4.11 We show now that a pseudo-measure with finite support is a mea- 
sure. Using the multiplication by elements of A(R) we see that a pseu- 
domeasure with finite support is a linear combination of pseudomea- 
sures carried by one point each; thus it would be sufficient to prove: 


Theorem. 4 pseudo-measure carried by one point is a measure. 


PROOF: Let h € L™(R) and assume S(h) = {0}. If y1, vo € AR 
and pı (£) = yo(€) in a neighborhood of € = 0, then (y,,h) = (y2,h). 
Put c = (y,h) where ọ is any function in A(R) such that y(¢) = 1 
near € = 0. As usual we denote by K the Fejér kernel and recall that 
K(£) = sup(1 — |€|,0). By lemma 4.6 we have 


(4.5) AKE = (K(E — n), h(n). 


For |é| > 1 we clearly have AK(£) = 0. If-1 < & < & < 0 we have 
K(é -n = K(é — n) = , — & for ņ near zero. By (4.5) and the 
definition of c we conclude that AK(£s — hK(é = c(fo — &), and since 
AK(£) is continuous, upon letting £; — —1 we obtain AK(£) =c(1+€) 
for —1 < € < 0. Repeating the argument for 0 < € < 1 we obtain 
AK(€) = cK(€) and by the uniqueness theorem h(x) = c a.e. It follows 
that Å is the measure of mass c concentrated at the origin. < 


4.12 We add a few remarks about distributions in FLP, 2 < p < œ. 
There is clearly no inclusion relation between L” (R) and L™(R)} but 
it might be useful to notice that locally FL? c FL” if p < p' and in 
particular all distributions in FL? are locally pseudomeasures. (We re- 
call that a tempered distribution v belongs locally to a set G c S*(R) 
if for every € € R there exists u € G such that }(y — v) does not 
contain £). Ifv € FL” and € € R we may take à > |é| and con- 
sider pp = Vv where V, is de la Vallée Poussin’s kernel (V\(E) =1 
for E| < A, = 2 — |€|A7! for A < |E] < 2A, and = 0 for |E] > A). 
It is clear that v = u on (—4, A), that is, E(u — v} N (—A, A) = Ø and if 
v = f with f € L?(R), then p = Vi «f and V, « f € LP N L™(R) since 
Va € L} A L4(R), q = p/(p — 1). In particular, if X(v) is compact, say 
E(v) c (—A, A), then u = v; we have thus proved: 


Theorem. [fv € FL? and X(v) is compact, then v € FL”. 


4.13 Ifv € FLP AN FL” we can consider the repeated convolution of 
v with itself, writing v = f with f € L? N L™(R), the convolution of 
v with itself m times is the Fourier transform of f”, and if m > p, 
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f™ € L\(R) so that v x--.* v € A(IR). In particular, assuming v 4 0 
E(v*- xv) C E(v)+---+ (v) contains an interval. As an immediate 
consequence we obtain: 


Theorem. Letv € FL’, p < œ, and let J be an open interval on R, 
such that JN X(v) #0. Then JO Xv) is a basis for R. 


Theorems 4.11 and 4.13 are equivalent to the following approxima- 
tion theorems: 


4.11° Theorem. Let é € R and denote 


IKE ={f: f € A(R), F(E = 0} 
DE ={f: f © SR) EZ D(f)} 


Then Iy(€) is dense in I(€) in the A(R) topology. 


4.13’ Theorem. Let E C R be closed, and denote 
I(E) = {f: f € SR), E(f) VE = 0}. 


Assume that E+ E+.---.+ E (m times) has no interior. Let1<p<m 
and q = p/(p — 1). Then Iọ(E) is (norm) dense in FL". 


The proofs of 4.11’ and 4.13’ are essentially the same and follow 
immediately from the Hahn-Banach theorem (and 4.11, 4.13, respec- 
tively). A linear functional on A(R) which annihilates Ip(€) is a pseu- 
domeasure supported by {£}, hence is constant multiple of the Dirac 
measure at €, and hence annihilates [(€). A linear functional on FL 
which annihilates I[y(£) is an element of FL” supported by E; hence it 
must be zero. < 


EXERCISES FOR SECTION 4 


1. Deduce 4.11 from 4.11’. 

2. Deduce 4.13 from 4.13’. 

3. What is a function h € L™ (R) such that (A) is finite? 
4. If f € A(R) and v € FL”, then 


fullecc < \|f\lace|lvlleze 
5. Let f € L®(R). Show that S(O) c D(A U CAP). 


6. (Bernstein) Let h € L™ (R) and assume that (h) c [—k, k]. Show that 
h is infinitely differentiable and that ||h°” || < k” ||hl]o. 
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7. Leth E€ L®(R), h #0. Assume that h(x + y) = A(x)h(y) a.e. in (x,y). 
Show that for some £o € R, A(x) = e*8°* a.e. 


8. Assume v; E€ FL”, 7 =0,1,..., and vj — v in the weak-star topology. 
Let U be an open set such that U N S(v;) = 9 for infinitely many 7’s. Show that 
UN E(w) = 9. 


9. Fourier transforms of functions in Co(R) are called pseudofunctions (on 


R). 

(a) Show that if f € L! (R), then f is a pseudo-function. 

(b) Show that if f; are pseudo-functions on Ñ, ||} ||~ < cand àj — œ% 
fast enough, then 5> E`™>S f; converges (weak-star) in FL™. 

10. Let h(x) = sin z?. Show that eSh — 0 (weak-star) as |A| — oo 


5 ALMOST-PERIODIC FUNCTIONS ON THE LINE 


The usefulness of Fourier series of functions on T is largely due 
to the information they offer about approximation of the functions by 
trigonometric polynomials. On the line, trigonometric polynomials do 
not belong to many of the function spaces in which we are interested, 
for example, to L?(R) for p < co; and the positive results, which we 
had for L?(R), 1 < p < 2, were in terms of trigonometric integrals rather 
than polynomials. Trigonometric polynomials do belong to L° (IR), and 
in this section we characterize the functions that are uniform limits of 
trigonometric polynomials. 


5.1 DEFINITION: Let f be a complex-valued function on R and let 
g€ > 0. An ¢-almost-period of f is a number 7 such that 


sup, |f (£ — 7) — f(a)| < e. 


Examples: t = 0 is a trivial s-almost-period for all £ > 0; if f is periodic 
then its period, or any integral multiple thereof, is an <-almost-period 
for alle > 0; if f is uniformly continuous, every sufficiently small ¢ is 
an <-almost-period. 


5.2 DEFINITION: A function f is (uniformly) almost-periodic on R if 
it is continuous and if for every £ > 0 there exists a number A = A(e, f) 
such that every interval of length A on R contains an <-almost-period of 
f- We denote by AP(R) the set of all almost-periodic functions on R. 

Examples: (a) Continuous periodic functions are almost-periodic. 

(b) We shall show (see 5.7) that the sum of two almost-periodic 
functions is almost-periodic; hence f = cos x+cos ra is almost periodic 
(see also exercise 1 at the end of this section); noticing, however, that 
f(x) = 2 only for z = 0, we see that f is not periodic. 
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(c) If f is almost-periodic, so are |f], f, af for any complex number 
a, and f(Ax) for any real à. 


5.3 Lemma. Almost-periodic functions are bounded. 


PROOF: Let f be almost-periodic. Take £ = 1 and let A = A(1, f). For 
arbitrary x € R let r be a 1-almost-period in the interval [z — A, z]. 
We have 0 < x—r < A and |f(a) — f(x —7)| < 1, consequently 
\f(x)| < SUPy<y<alf(y)| +1. < 


Corollary. Iff is almost-periodic, so is f°. 


PROOF: Without loss of generality we may assume |f (x)| < 1/2 for all 
x €R. We have f(a —7) — f?(x) = (F=) + f(x) )\(f(@- 7) - f(x) 
which implies that, for every £ > 0, c-almost-periods of f are also £- 
almost-periods of f?. < 


5.4 Lemma. Almost-periodic functions are uniformly continuous. 


PROOF: Let f be almost-periodic, € > 0, A = A(e/3, f). Since f is 
uniformly continuous on [0, A], there exists 7) > 0 such that for all 
In| < no 

SUPy cecal f(z +) — f(x)| < £/3. 


Let y € R; we can find an </3-almost-period of f say 7, within the 
interval [y — A, y], and writing 


Fut- fy) = (Gun) furn) 
(fu -T+ fly—T)+(fy—7)- fy), 


we see that each of the three summands is bounded by £/3; the first 
and the third since 7 is an ¢/3-almost-period, and the second since 0 < 
y—7 <A and |n| < no. Thus if in| < m, |f(a +) — f(x)| < e for all z, 
and the proof is complete. < 


5.5 Fora function f € L®(R)} we denote by Wo (f) the set of all trans- 
lates of f; Wo(f) = {fy}uer! 


Theorem. 4 function f € L®(R) is almost-periodic if, and only if, 
Wol f) is precompact (in the norm topology of L> (R)). 


Remember the notation fy (£) = f(a — y). 
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PROOF: We recall that a set in a complete metric space is precompact 
(i.e., has a compact closure) if, and only if, it is totally bounded, that 
is, if for every £ > 0, it can be covered by a union of a finite number 
of balls of radius £. Assume first that f is almost-periodic and let us 
show that Wo(f) is totally bounded in L°(R). Let € > 0 be given and 
let A = A(e/2, f); by the uniform continuity of f we can find numbers 
mM,- nm in [0, A] such that if 0 < yo < A, infi <;<ad|| fyo — Ín; || < £/2. 
For arbitrary y € R let r be an £/2-almost-period of f in [y — A, yl; 
writing yo = y — T we obtain O < yo < A and || fy — fullo < £/2; 
consequently, infı<j<m || fy — fn llo < ¢ and Wo( f) is covered by the 
union of balls of radius £, centered at f,,, 7 =1,...,M. 

Assume now that Wo(f) is precompact. Let £ > 0 and let O1,..., Oar 
be balls of radius £/2 such that Wo(f) c UM O}. We may clearly assume 
that O; N Wo(f) # Ô and hence pick fy, € Oj, j =1,...,M. The balls 
of radius ¢ centered at y; cover Wo(f). 

We claim that every interval J of length A = 2 max)<;<ar|y;| con- 
tains an <-almost-period of f. If J is such an interval, denote by y 
its midpoint. There exists a jo such that || f, — fy,,|lo < £; writing 
T =Y — Yj it is clear that 7 € J and, on the other hand, 


fr _ Flloo = Fuso Suso loo <E. 


All that we have to do in order to complete the proof is show that, under 
the assumption that Wo(f) is precompact, f is continuous. We show 
that it is uniformly continuous, that is, lim,—o||f, — fll = 0. Given 
€ > 0, let O1,..., Om be balls of radius £/2 covering Wọ( f), as above, 
and write E; = {7: f+ € O;}. Since UE; = R, at least one of these, say 
£;,, has positive mesure. But then Ej, — Ej, is a neighborhood of 0 in 


0 JO 


R, and for y € E; — E; we have || fy — flo < £- < 


5.6 DEFINITION: The translation convex hull, W(f), of a function 
f € L° (R) is the closed convex hull of U),)<, Wola f). Equivalently, it 
is the set of uniform limits of functions of the form 


(5.1) Soar fars Zk E R, S laz] < 1. 


Remark: If f is uniformly continuous we can define W( f} as the clo- 
sure of the set of all functions of the form 


6.1) px f with p € L*(R), lell) <1. 


tThat is: f is equal a.e. to a continuous function. 
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Another observation that will be useful later is: 
(5.2) W (eSF) = {e"g:9 E W(f)}. 


By its very definition W(f) is convex and closed in L°°(R). Since 
W(f) > Wolf), it is clear that if W(f) is compact then Wo(/f) is pre- 
compact; the converse is also true: if Wo(f) is precompact, there exist 
for every £ > 0, a finite number of translates {f,,}/4, such that every 
translate of f lies within less than £ from fu; for some 1 < j < M. 
Thus, every function of the form (5.1) lies within e of a function having 
the form X74, bj f,, with lbj] < 1. In the unit disc |b| < 1 we can 
pick a finite number of points {cx}; such that every b in the unit disc 
lies within M7! If lz (R) from one of the c;,,’s; thus every combination 
db; fy; >2\b;| < 1 lies within £ of some 


M 
(5.3) ofa bj E Lema. 
1 


It follows that W(f) is covered by the union of MN balls of radius 
3e centered at the functions of the form (5.3); hence W(f) is precom- 
pact and being closed it is compact. We have proved: 


Lemma. W(f) is compact if, and only if, Wo(f) is precompact, that 
is, if and only if, f € AP(R). 


5.7 Theorem. AP(R) is a closed subalgebra of L (R). 


PROOF: In order to show that AP(IR)is a subspace, we have to show that 
if f,g € AP(R) so does f+g. We clearly have W(f+g) c W(f)+W(g) 
and since, by 5.6, W(f) and W(g) are both compact, W(f) + W(g) is 
compact and hence W(f + g) is precompact. Since W(f + g) is closed, 
it is compact, and by 5.6, f +g € AP(R). 

It follows from the corollary 5.3 that f?, g?, (f +g)? € AP(IR) and 
consequently fg = 1/2((f + g)? — f? — 9’) is almost-periodic and we 
have proved that AP(R)is a subalgebra of L° (IR). In order to show 
that it is closed, we consider a function f in its closure. Since f is the 
uniform limit of continuous functions, it is continuous. Given £ > 0 
we can find a g € AP(R) such that || f — g||° < ¢/3, and if 7, is an £/3 
almost-period of g we have 


f--f=(fh-gG)+(o-9+(9-f), 
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hence || f; — fllo < ¢/3 + ¢/3 +¢/3 = £ and 7 is an c-almost-period of 
f. Thus every interval of length A(</3, g) contains an <-almost-period 
of f, and f is almost-periodic. < 


5.8 DEFINITION: A trigonometric polynomial on R is a function of 
the form 


f= Y ajet, éj € R. 
1 


The numbers £; are called the frequencies of f. 

By theorem 5.7, all trigonometric polynomials and all uniform lim- 
its of trigonometric polynomials are almost-periodic. The main theo- 
rem in the theory of almost-periodic functions states that every almost- 
periodic function is the uniform limit of trigonometric polynomials, 
and actually gives a recipe, analogous to Fejér’s theorem for periodic 
functions, for finding the approximating polynomials (see 5.20. 


5.9 DEFINITION: The norm spectrum of a function h € L° (IR) is the 
set 


olh) = {€:€ € R, ae” € W(h) for sufficiently small a 4 0}. 
a(h) may well be empty even if h 4 0; for instance, if h € Co(R) we 


have W(h) C Co(R) and consequently c(h} = @. We notice that from 
(5.2) and our definition above it follows immediately that 


(5.4) o(e®*h) = E+o(h) = {€E+y:7 € o(h)}. 

Lemma. /fh € L™ (IR) then o(h) c D(h). 

PROOF: Since hy = eh, it is clear that E(hy) = U(h) and conse- 
quently E(f) C E(h) for any f € W(h). If f = ae, then f = ade 
(ôg is the measure of mass one concentrated at £) and X(f) = {€}; thus 
if £ € o(h) then £ € Dh). < 


5.10 Lemma. Let h be bounded and uniformly continuous. Assume 
that nK(nx) * h converges uniformly as n — 0 to a limit which is not 
identically zero. Then 0 € a(h). 


PROOF: Writing g) = K(x) x h we have ĝ, = K(é/n)h, so that 
El) © [n,n] and hence H(lim,—o9,) = {0}. By 4.11, lim, .o gy 
is a constant, and by the remark following definition 5.6, g) € W(h) 
and hence lim,—.o 9n E W(h) ; now, as lim gy is a constant different 
from zero, we obtain 0 € o(h). < 
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Corollary. Let u be a measure on R and assume js({0}) 4 0. Let 
A(x) = f e*dul(€) (so that u = h); then 0 € o(h). 


PROOF: Keeping the notations above, we have g,, = K(€/7)u and con- 
sequently g, tends to u({0})d9 in M(R) which implies g, — p({0}) 
uniformly. < 


5.11 Remarks: It is clear that 0 € R plays no specific role in 5.9; 
if u({£}) A 0 we have € € o(h) (h as above). Also, it is not essen- 
tial to use Fejér’s kernel: if F € L'(R), and if we assume that F, * h 
converges uniformly to a nonvanishing limit, where F, = nF (72), it 
follows that 0 € o(h). This can be seen as follows: given a sequence 
En > 0, we can write F = Gn + Hn such that Ga, Hn € L+(R), Gy, 
has compact support, say included in (—cn, €n), and ||Hn||r1q@@y < En- 
Writing Gr»(*) = Galna), Hn»(#) = nH,(nx) and noticing that 
Ann * Alles) < Enlil, we obtain lim, oo Gnn *h = Fy * h. Re- 
membering that E(Gan h) C (Ncn, en) we obtain, letting n — 0 
faster than cn — oo, “(lim F, + h) = 0 as before. 

The condition of existence of a uniform limit of F,, «has 7 > 0 can 
clearly be replaced by the less stringent condition of the existence of a 
nonvanishing limit point, that is. a limit of some sequence F,,„ x h with 
n—0. We restate these remarks as: 


Lemma. Let f € AP(R) and assume 0 ¢ o( f); then for all F € L'(R) 
lim,o||nF (nz) * flz=) = 0. 


PROOF: Let F € L! (R); with no loss of generality we may assume that 
|F lng < 1. It follows that nF (nx) * f € W(f) and, ifit did not tend to 
zero as 7 — 0, it would have, W(f) being compact, other limit points. 
By the preceding remarks this would imply 0 € o(f). < 


5.12 Lemma 5.11 has the following converse: 


Lemma. Let f € AP(R), F € L’ (R) and f F(x)dx # 0. If for some 
mEnE) * fill = 0, then 0 g olf). 


Sequence Tm —> 0, liMn— oo 


PROOF: We notice first that for any translate of f, hence for any lin- 
ear combination of translates, and hence for any g € W(f), we have 
limno ||?n (ms) * 9\| Lor) = 0. If g = const , mF (nx) * g = F(O)g 
and consequently the only constant in W(f) is zero, that is, 0 g o( f). « 
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5.13 Theorem. To every f € AP(R) there corresponds a unique 
number M(f), called the mean value of f, having the property that 


0 golf- M(f)). 


PROOF: We have seen before that uniform limit points of nK(nz) * f 
as 7 — 0 are necessarily constants. Since 7K(nx) « f € W(f) and 
since W(f) is compact, there exists a number aœ such that for an ap- 
propriate sequence mn — 0, mnK(anxz) * f converges uniformly to a. 
Since K(0) = 1, K(x) * (f — a) > 0 uniformly; hence, by 5.12, 
0 ¢ o(f — a). If 8 is another number such that 0 ¢ o( f — 3) we obtain, 
using 5.11, that as 7 — 0 


NK (nx) x [(f — a) = (F — 8)] = nK(na) * (F — a) — nK(na) * (f — 8) 


converges to zero uniformly. But 7K(nx) « [(f — a) —(f — B)]) =B-—a 
identically and consequently 8 = a. Thus the property 0 Z olf — a) 
determines a uniquely and we set M(f) = a. < 


Corollary. /f f € AP(R) and F € L! (R), then nF (nz) * f converges 
uniformly as ņn = 0 to F(0)M(f). 

1/2  |z|<1 
0 |x| > 1 
evaluating the convolution at the origin, we obtain: 


1 


In particular, taking F(a) = writing T = 7°, and 


Corollary. For f € AP(R), 


-T 
(5.5) MU) = Jim op | 1O 


Using the mean value we can determine the norm spectrum of f 
completely. By (5.4) it is clear that € € o(f) if, and only if, 0 € 
o(fe—**) and consequently 


(5.6) E E olf) @ M(fe-**) 40 


By our definition of M (f) and by corollary 5.9 it is clear that if f is 
a measure then f({0}) = M(f) and similarly 


(5.6’) FO =M(fe *); 


thus we can recover the discrete part of f. We shall soon see that f has 
no continuous part when f € AP(IR). 
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5.14 The mean value clearly has the basic properties of a translation 
invariant integral, namely: 


(5.7) M(f + g) = M(f) + M(9), 
(5.8) M(af) = aM(f), 
(5.9) M(fy) = MCP) (where f(x) = f(x — y)). 


It is also positive: 


Lemma. Assume f € AP(R), f(x) > 0 on R, and f not identically 
zero. Then M(f) > 0. 


PROOF: By (5.7) we may assume f(0) > 0 and consequently, if a > 0 
is small enough, f(z) > a on —a < x < a. Let A = A(a/2, f); every 
interval of length A contains an a/2-almost-period of f, say 7, and 
f(z) > a/2 in (T — a,7 +a). It follows that the integral of f over any 
interval of length A is at least a7; hence M(f) > a7/A. < 


5.15 We define the inner product of almost-periodic functions by: 


(5.10) (f9)m = M(f9) 


and claim that with the inner product so defined, AP(R) is a preHilbert 
space, that is, satisfies all the axioms of a Hilbert space except for 
completeness. The bilinearity of (f,9)ar¢ is obvious and the fact that 
(f,9)a > 0 unless f = 0 has been established in 5.14. In this pre- 
Hilbert space, the exponentials {e*S*} ee form an orthonormal family, 
since 


1 ft. 1 ifé= 
(est eE) = lim — J eil Ezme gy — ! E= 
Too 2T Jr 0 if€ #7. 


We now introduce the notation’ 


(5.11) FED =(f, ef) yr = M(fe-“”). 


that is, f({€}) are the Fourier coefficients of f relative to the orthonor- 
mal family {e’S*} ce: Bessel’s inequality now reads 


(5.12) SCIFUED? < C, Pyu = M(FP) 
cer 


SIf f is a measure on R, (5.11) agrees with (5.6’). By abuse of language we shall 
sometimes refer to f({€}) for arbitrary f € AP(IR), as the mass of the pseudomeasure f 
at €. 
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and it follows that f({€}) = 0 except possibly for a countable set of é’s. 
Combining this with (5.6) we obtain that for all f € AP(R), o(f) is 
countable. 


5.16 We now introduce the mean convolution f Ag of two almost- 


periodic functions. 
Let f, g € AP(R); then for every z € R, f(x — y)g(y), as a function 
of y, is almost periodic and M, (f(x — y)g(y)) is well defined. Write: 


T 
619) (y ala) = MFE- v) = im f Fe- aod: 
Lemma. f xg is almost-periodic. If M(|g|) < 1, then f «9 Ee Wwf). 


PROOF: Without loss of generality we assume that M/(|g|) < 1. It fol- 
lows that for all sufficiently large T 


a I, f(x —y)glydy E W(f) 


and, combining the compactness of W(f) with the fact that the point- 
wise limit in (5.13) is well defined, we obtain f x gas the uniform limit 


of ds f7 (a — y)gly) dy. a 


The convolution f Kg has all the properties of convolutions on T 


and IR; in particular 


sig HUD) = Me (Ay (F(a — wa) e) 
= MyM, (fle = ye gye) = FL LLED. 
Also, 
J x eS = M (f(a — ye) = MOE) = Fee, 
so that if g(x) = > g({é})e*s* (finite sum) then 


fxg = Y OEDI. 
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5.17 For f € AP(R), write f*(x) = f(-x), and 
(5.15) h= f x f* =M,(fy)fle+y)). 


Since f*({€}) = f({€}) we have by (5.14), 
AAEH = PUED. 


If || flo < 1, which we assume for convenience, then h € W(f). 


Lemma. h, defined by (5.15), is positive definite. 
PROOF: Let x; € R and zj are complex numbers, j = 1,..., N, then 


So ala j-n im oe f Sol aj ty) f(a + y)zj2ndy 


= im op | [Eare +w 


< 


Since A is continuous, Bochner’s theorem 2.8 says that A is the Fourier 
transform of a positive measure or, equivalently, h is a positive measure. 


5.18 Prepon Iff € AP(R) and f € M(R), then f = X FUE} ôs, 
VF ll@ = EIPEEDI and f(x) = Z FUE. 

PROOF: By (5.6’), the discrete part of f is X f({€})d¢, and we have 
DIFUEVI < IÊ are: We claim that the continuous part of f is zero. 


Denote the continuous part of f by u; it is the Fourier transform 
of the almost-periodic function g = f — X f({é})e%*. By Wiener’s 
theorem 2.12, lim(2T)~! S rgo Pde = 0 and, by 5.14, p = 0. « 


5.19 Theorem (Parseval’s identity). Let f € AP(R), then 
(5.16) DED? = MFP). 
PROOF: Define h by (5.15). By Proposition 5.18 we have 
SAAS? = So AEP) = RO) = M(\f\”). 
< 


Corollary (Completeness). {e'5"} cef is a complete orthonormal ba- 
sis for AP(R). 


Corollary (Uniqueness). Let f € AP(R), f #0. Then o( f) #0. 
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5.20 For arbitrary f € AP(R), the series Y f({€})e"S*, to which we 
refer as the Fourier series of f, converges to f in the norm induced by 
the bilinear form (-, -),¢. Our next goal is to show that, as in the case of 
periodic functions, the Fourier series of any f € AP(IR) is summable to 
f in the uniform norm. 


5.21 Lemma. Given a finite number of points &,...,En € R and an 
ge > 0, there exists a trigonometric polynomial B having the following 
properties: 


(a) Bix) >0 
(b) M(B)=1 
(c) BU&})>1-e for j=1,...,N. 


PROOF: We notice first that if &,...,£ happen to be integers and if m 
is an integer larger than e7} max|€;|, then the Fejér kernel of order m, 
namely Km = >>”, (1 — AL et has all the properties mentioned. In 
the general case let \|,..., Aq be a basis for £, . . . , En; that is, A1,..., Aq 
are linearly independent over the rationals and every £; can be written 
in the form £; = 977 Aj kr with integral A;;,. Let sı > 0 be such 
that (1 — £1)? > 1 — s, and let m > e7' max;;|A;,.|; we contend that 
B = [[# Ky,(Axz) has all the required properties. Property (a) is obvious 
since B is a product of nonnegative functions. In order to check (b) and 
(c) we rewrite B as 


Ik lkal N AeA 
6-17 Bi) = (1 mai) ( eye Hawe, 


the summation extending over |k, | < m,...,|kg| < m. Because of the 
independence of the ,’s there is no regrouping of terms having the 
same frequency and we conclude from (5.17) that B(0) = the constant 
term in (5.17) = M(B) = 1, which establishes (b), and 


Bde) = B(A) = [T(t Aal ets s, 


hel m+ 
which establishes (c). < 


Theorem. Let f € AP(R). Then f can be approximated uniformly by 
trigonometric polynomials P, € W(f). 


VI. FOURIER TRANSFORMS ON THE LINE 181 


PROOF: Since o(f) is countable we can write it as {€;}72,. For each 
n let B, be the polynomial described in the lemma for &,...,&, and 
é=1/n. Write Pa = f x Ba. By 5.17, Pa € W(f) and taking account 


of (c) above, lim P,({é,}) = = f({€}) for every &; € o( f). IFE g o( f) we 
have P,,({€}) = f({é}) = 0 for all n. It follows that if g is a limit point 
of Pa in W(f), then 9({€}) = f({€}) for all € and by the uniqueness 
theorem g = f. Thus, f is the only limit point of the sequence P, in the 
compact space W (f) and it follows that P,, converge to f (in norm, i.e., 
uniformly.) < 


Corollary. Every closed translation invariant subspace of AP(R) is 
spanned by exponentials. 


5.22 We finish this section with two theorems providing sufficient 
conditions for functions to be almost-periodic. Though apparently dif- 
ferent they are essentially equivalent and both are derived from the 
same principle. We start with some preliminary definitions and lem- 
mas. 

For h € AP(R), we say, by abuse of language, that h is an almost- 
periodic pseudo-measure. 

DEFINITION: A pseudo-measure v is almost-periodic at a point 
£o € R, if there exists a function y € A(R), (£) = 1 in some neighbor- 
hood of £o, such that yv is almost-periodic. 

It is clear that v is almost-periodic at £o if, and only if, yv is almost- 
periodic for every 7) € A(R) whose support is sufficiently close to & 
(e.g., within the neighborhood of £o on which the function y above is 
equal to one). In particular, v is almost-periodic at every £ ¢ X(v). 


Lemma. Letv € FL™ and assume that X(v) is compact and that v is 
almost-periodic at every point of S(v). Then v is almost-periodic. 


PROOF: By a standard compactness argument we see that there exists 
an 7 > 0 such that v is almost-periodic for every y € A(R) which is 
supported by an interval of length 7. Let Yy; € A(R) have their sup- 
ports contained in intervals of length 7, 7 = 1,2,...,N, and such that 
5 W; = 1 on a neighborhood of X(v). By the assumption concerning 
the supports of %;, Yv is almost-periodic for all j, and consequently 


3 Vv) = (So) v 


is almost-periodic. < 
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5.23 Theorem. Leth € L® (IR) and assume that (h) is compact and 
that Ò is almost-periodic at every £ € R except, possibly, at € = 0. Then 
he AP(R). 


5.24 Theorem (Bohr). Let h € L®(R) and assume that it is differ- 
entiable and that h! € AP(R). Then h € AP(R). 


These two theorems are very closely related. We shall first show how 
theorem 5.23 follows from 5.24, and then prove 5.24. 


PROOF OF 5.23: We begin by showing that if E(h) is compact, then 
h is differentiable and ÁA’ = i€h (see exercise 4.6). Let f € S(R) be 
such that f(£) = 1 in a neighborhood of S(h). We have h = fh and 
consequently h = f xh or h(x) = f f(x — y)h(y)dy. Since h is bounded 
and f € SUR) we can differentiate under the integral sign and obtain 
that h is (infinitely) differentiable and that h’ = f’ * h. Remembering 
that f’(€) = i in a neighborhood of D(h), we obtain h’ = f'h = ith. 

By theorem 4.11” there exists a sequence {pn} in L*(R) such that 
Ên (£) = 0 in a neighborhood of £ = 0, and such that |n — F'llaœ) — 0. 
This implies (exercise 4.4) that ||Y,h — h eps — 0, that is, h’ is the 
uniform limit of yn « h. Now, since sn, vanishes in a neighborhood of 
€ = 0, it follows from 5.22 that yn x h € AP(R); by 5.7, h’ € AP(R), 
and by 5.24 h € AP(R). 


PROOF OF 5.24: Since h is clearly continuous we only have to show 
that for every £ > 0 there exists a constant A (e, h) such that every inter- 
val of length A(<, h) contains an <-almost period of h. In view of 5.7 we 
may consider the real and the imaginary parts of h separately, so that 
we may assume that h is real-valued. Denote 


(5.18) M = sup, h(x), m= inf A(z). 
Let £ > 0. Let xp and x, be real numbers such that 
(5.19) h(ao) < m+ 7 h(a) > M — 


we put e; = and claim that if 7 is an £1 -almost period of h’ then 


—_— 
4x1 — zol 
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h(zo — T} < m + £/2. In order to see this we write 


LY 


h(a, — 7) — h(aor) = J h'(x — Tr) dx 


To 


(5.20) = [ hi (x)dx + [ (h'(x — 7) — hi'(x)) dx 


= h(a) — h(2o) +f (W'(æ— 7) — hl(a))de, 
and, since the last integral is bounded by |x, — zolé = £/4 it follows 
from (5.19) and (5.20) that 


E 


h(a. = 7) -hzo —7) > M—m— 5 


and, since h(x: — rT) < M, we obtain h(ap — 7} < m+ £/2. 

We now use the points {zo — 7}, where 7 is an sı /2-almost-period 
of h’ as reference points. Let A, = A(e,/2,h’) and define £2 by c2 = 
min(q/2,€1/2, ¢/A,). We claim that every <9-almost-period of h’ is an 
e-almost-period of h. In order to prove it let x € R and let 7, be an £s- 
almost-period of h’; we take mo to be an ¢, /2-almost-period of h’ such 
that x < zo — To < z + Aj, and write 


hlæ — 11) — A(x) = h(a — 1) — Alro — 7 — 71) 
(5.19) + h(zo — To — T1) — h{wo — To) + Alzo — To) — h(x) 


= h(zo — To — 71) — hzo — To) 4 [Ooty = ny =n). 


Since 7) and 7 + 7 are both ¢,-almost-periods we have 

m < h(zo — To— T) <mt+e/2 and m < h(xo — T) < m+ e/2, 
hence |h(zo — To — T1) — h(zo — T}| < £/2. The integral in (5.21) is 
bounded by e24; < £/2 and it follows that |h(a — Tı} — h(x}| < £. Thus, 


every interval of length A(22, h’) contains an <-almost-period of h and 
the proof is complete. < 


5.25 Theorem. Leth € L°(R) and assume that X(h) is compact and 
countable. Then h € AP(R). 


PROOF: This is a corollary of 5.20. The set of points £ such that h is not 
almost-periodic at £ is a subset of H(h) and, by 5.23, has no isolated 
points. Since a countable set contains no nonempty perfect sets, h is 
almost-periodic at every € € R and, by 5.22, h € AP(R). < 
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EXERCISES FOR SECTION 5 


1. Show that f = cos 2x + cos is almost-periodic by showing directly 
that given £ > 0, there exists an integer M such that at least one of any M 
consecutive integers lies within £ from an integral multiple of 27. 

2. Let h € L™(R). Show that, if h is uniformly continuous, o(h) contains 
every isolated point of ©(h). 

3. Let f, g € AP(R). Show that f « g= D> f({epa({ee*”. 

4. Let f € AP(R) and assume that W(f) is minimal in the sense that if 
he W(f) and h 4 0 then af € W(h) for sufficiently small a. Show that f is a 
constant multiple of an exponential. 

5. Let f € AP(R) and assume that f’ is uniformly continuous. Show that 
f € AP(R). 

6. Show that the assumption that X(Å) is compact is essential in the state- 
ment of theorem 5.25. 

Hint: Consider discontinuous periodic functions. 

7. Show that in the statement of theorem 5.25, the assumption that =(h) is 
compact can be replaced by the weaker condition that A be uniformly continu- 
ous. 

8. Deduce 5.24 from 5.23. 

9. Let P be a trigonometric polynomial on R, and let € > 0. Show that 
there exists a positive 7 = n(P,<) such that if Q € L®(R), |Q|| < 1 and 
X(Q) c (—n, n), then 


range(P + Q) + (—e, e) D range(P) + range(Q). 


Hint: The conditions on Q imply that ||Q’|| < n; see exercise 4.6. 

10. Leth € FL™, ĉo € È and {tn} a sequence tending to zero. Show that 
if K(na(€ — &9))h tends to a limit (in the weak-star topology), then the limit 
has the form ad¢,. Introducing the notation a = h({€o},K, {7n}), show that 
ST |A({Eo}, K, {7m })|? < co where the summation extends over all ) € È such 
that weak-star-limy.o. K(na(€ — £0))h exists. 

11. Leth € FL. Show that for all & € R, except possibly countably 
many, weak-star-limn—ooK(nz (£ — &0))h exists and is equal to zero. 

12. Show that if h € L° (R), o(h) is countable. 

13. Let B be a homogeneous Banach space on R such that AP(R) C BC 
Le (see 1.14). Describe the closure in B of AP(R). 


6 THE WEAK-STAR SPECTRUM OF BOUNDED FUNCTIONS 


6.1 Given a function A € L®(R)}, we denote by [A] the smallest trans- 
lation invariant subspace of L°° (IR) that contains h; that is, the span 


of {hy}yer. We denote by [h] the norm closure of [h] in L° (IR), and 
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by [h].~, the weak-star closure [h] in L° (IR). Our definition 5.9 of the 
norm spectrum of h is clearly equivalent to 


o(h) = {6:7 c [h]} 
and we define the weak-star spectrum by 
Owe (h) = {€: eS” € ho}. 


Let h € L*(R). The problem of weak-star spectral analysis is: find 
Tw*(h). The problem of weak-star spectral synthesis is: does h belongs 
to the weak-star closure of span {68 Jeco, e(n)? 

The corresponding problems for the uniform topology were studied 
in section 5. We have obtained some information about o(h) for arbi- 
trary h and complete information in the case that h was almost-periodic 
(see (5.6)); we proved that the norm spectral synthesis is valid for A if, 
and only if, h € AP(R). The problem of weak-star spectral analysis 
admits the following answer: 


Theorem. For h € L®(R), cwr (h) = E(h). 
PROOF: The subspace of L (R) orthogonal to [A] is composed of all the 
functions f € L! (R) satisfying 
J roe —yjdxe=0 forall y €R 
which is equivalent to 
(6.1) fhlr) =0. 


We denote this subspace of L! (R) by [A]+. 
By the Hahn-Banach theorem, e*8* € [h]u» if, and only if, 


J Ja) = fl) =0 


for all f € [h]+. 

We thus have an equivalent definition of o,,«(h) as the set of all 
common zeros of {f : f € [h]+}. 

Assume ĉp Z (h); ife > 0 is small enough (&)—<, &9 +2) D(h) = 0 
so that if f € L! (R) and the support of f is contained in (ĉo — £, éo + £) 
we have 


(fh) = / Fndz =0. 
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We claim that f is orthogonal not only to h, but also to all the translates 
of h, hence to [A]. This follows from 


(6.2) f Fa) yd: = f f(e + hae, 


and since the Fourier transform of f (x+y) is eS” f, hence supported by 
(€9—€, €o +e), both sides of (6.2) must vanish. There are many functions 
f in A(R) supported by (ĉo — £, ĉo + £) such that f(&) 4 0; it follows 
that ĉo is not a common zero of {f: f € [h]+} hence ĉo ¢ cw» (h); this 
proves cw» (h) c Eff]. 

In the course of the proof of the converse inclusion we shall need 
the following lemma, due to Wiener. The proof of the lemma will come 
in chapter VIII (see VIIT.6.2). 


Lemma. Assume f, fı € A(R) and assume that the support of fiis 
contained in a bounded interval U on which f is bounded away from 
zero. Then 

fi=9f forsomeg € L'(R). 


To prove Ejh] € oy»(h), we have to show that if £o ¢ cw» (h), then 
h vanishes in some neighborhood of £). Now, since £o ¢ o+(h), there 
exists a function f € L’ (R) satisfying (6.1) and such that f (£) 4 0 and 
consequently f is bounded away from zero on some neighborhood U of 
ĉo. We contend that h vanishes in U, a contention that will be proved if 
we show that if fı € L'(IR) and the support of fı is contained in U then 
fi * h(—x) = 0. By Wiener’s lemma there exists a function g € L! (R) 
such that fi = gf or equivalently fi = g * f. Now 


f= hla) = (g * f) * ha) = g * (f * Aa) =0 


and the proof is complete. < 


6.2 The Hahn-Banach theorem, used as in the foregoing proof, gives 
a convenient restatement of the problem of spectral synthesis. We in- 
troduce first the following notations: if E is a closed set on R write 


(6.3) I(E) ={f:f € LR), f(E =0 on B} 
and 


(6.4) Q(E)={g:g € L®(R) and (f,g9)=0 forall f € Î(E)}. 
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I(E) is clearly the orthogonal complement in L'(R) to the span of 
{e yeep and Q(E) is the orthogonal complement in L™(R) of [(E). 
By the Hahn-Banach theorem 2(£) is precisely the weak-star closure 
of span {e’**} ce, and the problem of (weak-star) spectral synthesis for 
h € LCR) can be formulated as: is it true that h € O(ay«(h))? Equiv- 
alently, is it true that for f € A(R) 


(6.5) f(€)=0 on ow (h) > (fh) = 0? 
or: is it true that, (f € A(R)) 

(6.6) f()=0 on = fh=0? 

(The equivalence of (6.5) and (6.6) follows from (6.2)). 


Theorem. Let f € A(R) and h € FL® and assume that f(€) = 0 on 
X(h). Then (fh) is a perfect subset of E( F) O bdry(U(h)). 


PROOF: By 4.10, E(f) c E(N D(A) and since f vanishes on (h), 
no interior point of X(Å) is in X(f). Let be an isolated point of 
=(fh); with no loss of generality we may assume ĉo = 0 and that 
(—n,) contains no other point of (fh). 

Write K,,(é) = K(n-1é) = sup(0, 1—|n-té|). We have EK, fh) = {0} 
and consequently (see 4.11) K, fh = ad, with a Æ 0 a constant, and 6 
the unit mass concentrated at € = 0. By 4.11” there exists a function 
g € L*(R) such that ĝ vanishes in a neighborhood of ¢ = 0, say in 
(—m,m), and such that ||g — flez < (la|/2lAllz= g> (remember 
that f(0) = 0). Since ||K,|| = 1, we have ||K,(f — )hl| < |a|/2 and, 
multiplying everything by Kin we obtain, (remember that King = 0), 
lal = |jaô|| Fr» < |a|/2 which is a contradiction. Thus ©(fh) has no 
isolated points and the proof is complete. < 


Corollary. If X() has countable boundary then h admits weak-star 
spectral synthesis; that is, h € O(ow~(h)). 


We recall that if E(h) itself, and not just its boundary, is countable, 
and if h is uniformly continuous, then h € AP(R) (theorem 5.25), that 
is, admits norm spectral synthesis. 

Weak-star spectral synthesis is closely related to the structure of 
closed ideals in A(R), and we shall discuss it further in chapter VIII. In 
particular, we shall show that weak-star spectral synthesis in FL® is 
not always possible. 
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7 THE PALEY—-WIENER THEOREMS 


7.1 Our purpose in this section is to study the relationship between 
properties of analyticity and growth of a function on R, and the growth 
of its Fourier transform on R. The situation is similar to, though not as 
simple as, the case of functions on the circle. We have seen in chapter 
I (see exercise I.4.4) that a function f, defined on T, is analytic if, and 
only if, f(n) tends to zero exponentially as |n| — oo. The simplicity of 
this characterization of analytic functions on T is due to the compact- 
ness of T. If we consider the canonical identification of T with the unit 
circle in the complex plane (i.e. t = e*), then a function f is analytic on 
T G.e., is locally the sum of a convergent power series) if, and only if, 
f is the restriction to T of a function F, holomorphic in some annulus, 
concentric and containing the unit circle. This function F is automati- 
cally bounded in an annulus containing the unit circle, and the Fourier 
series of f is simply the restriction to T of the Laurent expansion of F. 

Considering R as the real axis in the complex plane, it is clear that 
a function f is analytic on R if, and only if, it is the restriction to R of 
a function F, holomorphic in some domain containing R; however, this 
domain need not contain a whole strip {z: z = £ + iy, |y] < a}, nor need 
F be bounded in strips around R or on R itself (cf. exercises 1 through 
3 at the end of this section). If we assume exponential decrease of f at 
infinity we can deduce more than just the analyticity of f on R; in fact, 
writing 


FG) = z | Haas, 


we see that if f(€) = O (e~l§|) for some a > 0, then F is well defined 
and holomorphic in the strip {z: |y| < a}, and is bounded in every strip 
{z: |y] < ai}, a1 < a; by the inversion formula’, F|R = f. Under the 
same assumption we obtain also that, since f € L7(R), f € L? (R); and 
since for |y| < a, F(x + iy) is the inverse Fourier transforms of e~*" f, 
we see that, as a function of x, F(x + iy) € L?(R) for all |y| < a. Even 
with all this added information about the analytic function extending 
f to a strip, we cannot obtain exponential decrease of f; we can only 
obtain that e~&" f € L7(IR) for all |y| < a. 


Theorem (Paley-Wiener). For f € L?(R), the following two condi- 
tions are equivalent: 


tPF |R denotes the restriction of F to R. 
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(1) f is the restriction to R of a function F holomorphic in the strip 
{z:|y| < a} and satisfying 


(7.1) fire +iy)?|dx < const |y| <a. 


(2) e"l f € LP (IR). 


PROOF: (2)= (1): write 
12 Fe) = z | Aoede 


then by the inversion formula F|R = f; the function F is well defined 
and holomorphic in {z:|y| < a}, and, by Plancherel’s theorem: 


: 1 a o e a eje 
[pes iwl = SPOP < fS Rag): 


(1)=> (2); write f(x) = F(x + iy) (thus f = fo), and consider the 
Fourier transforms f,. We want to show that f (£) = f(£)e7® since 
by Plancherel’s theorem and (7.1), we would then have f|f(€)|?e§¥dzx 
uniformly bounded in |y| < a, which clearly implies (2). Notice that if 
we assume (2) then, by the first part of the proof, we do have fy(é) = 
fee“, 
For à > 0 and z in the strip {z: |y| < a} we put: 

(7.3) Galo = Kix F= J F(z —u)Ky(ujdu, 

where K denotes Fejér’s kernel. G is clearly holomorphic in the strip 
{z:|y| < a} and we notice that g) „ (£) = Gy(a+iy) = Ky* fy and hence 
Half) = Ky Ê (£). Now since gyz (£) has a compact support (contained 
in [—A, àJ) we have gx,(€) = gro(€)e *¥ and consequently if |é| < A, 
f,(€) = f(€)e784. Since A > 0 is arbitrary, the above holds for all € and 
the proof is complete. < 


We may clearly replace the "symmetric" conditions of 7.1 by non- 
symmetric ones. The assumption (7.1) for —aı < y < a, with a, a, > 0, 
is equivalent to: (e716 + e~*) f (£) € L?(R). 


7.2 Theorem (Paley-Wiener). For f € L? (R) the following two 
conditions are equivalent: 
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(1) There exists a function F, holomorphic in the upper half-plane 
{z:y > 0}, and satisfying: 


(7.4) fre + iy)|?dx < const , y>0 

and 

(7.5) im [IF@ +i) — f(x) dz = 0. 
(2) f(g) =0 for € <0. 


PROOF: (2)=> (1): Define F(z), for y > 0, by (7.2). F is clearly holo- 
morphic, F(x + iy) is the inverse Fourier transform of e75” f and, by 
Plancherel’s theorem, 


lF + ty) aq = fe nace < Fl 
which establishes (7.4), and also 
F(a + ty) - Flle = [Ae — Dilpe@ > 0 


as y | 0. 
(1) => (2); write fi (z) = F(a + i}. By 7.1: 


fe" po = Eit ivl for -1 < y< cœ 


and, in particular, by (7.4): 
(7.6) Jhope rag < const . 


Letting y — oo, (7.6) clearly implies that f(€) = 0 for € < 0. By 
7.1, the Fourier transform of F(x + iy) is f(€)eS-”; hence, by (7.5), 
FE) = filéje§, and F(E) = 0 for € < 0. < 


*7.3 The foregoing proofs yield more information than that stated ex- 
plicitly. The proof of the implication (2) = (1) also shows that F is 
bounded for y > £ > 0 since [|f(€)e7§"|dé is then bounded. In the 
proof (1) = (2) no mention of f is needed nor is the assumption (7.5); 
if we simply assume that F is holomorphic in the upper half-plane and 
satisfies (7.4), we obtain, keeping the notations of the proof above, that 
fieS € L?(R) and, denoting by f the function in L?(R) of which fiet 
is the Fourier transform, we obtain (7.5) as a consequence (rather than 
as an assumption). The Phragmén-Lindeléf theorem allows a further 
improvement: 
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Lemma. Let F be holomorphic in a neighborhood of the closed upper 
half-plane {z:y > 0} and assume that 


(7.7) [PoPa < œ 
and 
(7.8) lim rmt log” |F(re’”)| = 0 


for all0 <3 < x. Then (7.4) is valid. 


PROOF: Let y be continuous with compact support on R, ||y||/;2 < 1. 
Write G(z) = yx F = [™. F(z — u)y(u)du; then G is holomorphic in 
{z:y > 0}, satisfies the condition (7.8), and, on R,* 


|G(2)| < | Fp|zellellze < ||P elle. 


By the Phragmén-Lindel6f theorem we have |G(z)| < ||F |gllz2 through- 
out the upper half-plane, which means | f F(a+iy)y(—2)da| < ||F|Rllz2 
for y > 0. Since this is true for every y (continuous and with compact 
support) such that ||p||z2 < 1, it follows that 


[lees ia < [\PoPac 


7.4 Theorem. Let F be an entire function and a > 0. The following 
two conditions on F are equivalent: 
(1) F|pR € L?(IR) and 


(7.9) |F(2)| = o(e?!*!) 


(2) There exists a function f € L(IR), FE) = 0 for |g| > a, such 
that 


1 fe, . 
(7.10) Fe)= z | Oed 
PROOF: (2) > (1); if (7.10) is valid we have 
A A 1 fe, z 
POLSO lna < leol f ere. 


'Flp denotes the restriction of F to R. 
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and consequently 
ely 


rly] fll pe (R) 
which is clearly stricter than (7.9). The square summability of F|R 
follows from Plancherel’s theorem. 

(1) = (2); assume first that F'|jz is bounded. The function G(z) = 
e’** F(z) is entire, satisfies (7.9) in the upper half-plane, and G(iy) — 0 
as y — œ. By the Phragmén-Lindeldf theorem, G is bounded in the 
upper half-plane and, writing g = G|jp, it follows from Lemma 7.3 and 
Theorem 7.2 that g is carried by (0,00). Writing f = F|g we clearly 
have f(€) = 9(€ + a) which implies f(¢) = 0 for € < —a. Similarly, 
considering Gi(z) = e-*** F(z), we obtain f(¢) = 0 for € > a and, 
writing H(z) = 1/27 f f(€)e*dé, we obtain, by the inversion theorem, 
H|R = F |p so that H = F and (7.10) is established. 

In the general case, that is without assuming that F is bounded on 
R, we consider F(z) = y* F = f F(z — u)p(u)du where y is an 
arbitrary continuous function with compact support. F, satisfies the 
conditions in (1) and is bounded on R. Writing f, = Fp|pR we have 
fol€) = FOLE) and f,(€) = 0 if || > a. Since y is arbitrary this 
implies f(€) = 0 for || > a and the proof is completed as before. ~< 


IF) < 


EXERCISES FOR SECTION 7 


1. Show that F(z) = X% 27"[(2 + n)? + n7]7? is analytic on R and 
F lp € L'N L®(R); however, F is not holomorphic in any strip {z:|y| < a}, 
a >00. 

2. Show that for a proper choice of the constants {an } and {bn } the function 


G(z) = 5 ane om e—n)* 


is entire, G|p € L*(R), but G is unbounded on R. 
-2 
3. Show that H(z) = e~* is entire, H|p € L’ N L™ (R); however, H is 
unbounded on any line y = const Æ 0. 
4. Let F be holomorphic in a neighborhood of the strip {z:|y| < a} and 
assume f|F(x + iy)| dx < const for |y| < a. Show that for z in the interior of 


the strip: . 1 [°/F(u—ia) F(u+ia) 
J ( Jdu. 


z) = - - 
) 2ri u—ia—z u+ia-—z 


Joo 


VI. FOURIER TRANSFORMS ON THE LINE 193 


5. Let u be a measure on Ê, supported by [—a, a]. Define: 
F(z)= [o we. 


Show that F is entire and satisfies F(z) = O (ewl¥! ). Give an example to show 
that F need not satisfy (7.9). 
Hint: F(z) = cos az. 

6. Let v be a distribution on È, supported by [—a, a]. Show that the function 
F, defined by F(z) = f e~"** dv, is entire and that there exists an integer N such 
that 

F(z) =O (25 etl!) as |z| = co. 

7. Titchmarsh’s convolution theorem: 

(a) Let F be an entire function of exponential type (i.e., F(z) = O (e7!*!) 
for some a > 0) and assume that |F (x)| < 1 for all real x and that F (iy) is real 
valued. Assuming that F is unbounded in the upper half-plane, show that the 
domain D = {z:y > 0,|F(z)| > 2} is symmetric with respect to the imaginary 
axis, is connected, and its intersection with the imaginary axis is unbounded. 
Hint: Phragmén-Lindeléf. 

(b) Let F, and F> both have the properties of F in part (a) and denote the 
corresponding domains by Dı, D2, respectively. Show that Dı N D2 4 Ý and 
deduce that F; F> is unbounded in the upper half-plane. 

(c) Let f; € L?(R), j = 1,2, and assume that f; are both real-valued and 
carried by [—a, 0]. Show that if fı x fo vanishes in a neighborhood of £ = 0, so 
does at least one of the functions fj. 


Remark: : Titchmarsh’s theorem is essentially statement (c) above. The as- 
sumption that fj are real-valued is introduced to ensure that the corresponding 
Fj, defined by an integral analogous to (7.10), is real-valued on the imaginary 
axis. This assumption is not essential; in fact, part (c) is an immediate conse- 
quence of the Paley-Wiener theorems in the case fı = f2 (in which case part 
(b) is trivial), and the full part (c) can be obtained from it quite simply (see 
[18)]). 


x8 THE FOURIER-CARLEMAN TRANSFORM 


We sketch briefly another way to extend the domain of the Fourier 
transformation. There is no aim here at maximum generality and we 
describe the main ideas using L% (IR) as an example, although only mi- 
nor modifications are needed in order to extend the theory to functions 
of polynomial growth at infinity or, more generally, to functions whose 
growth at infinity is slower than exponential. For more details we refer 
the reader to [3]. 
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8.1 Forh € L® (IR) we write 


0 
F(h, QO = J e™ 3 h(x)dg ¢=E+m, n>0 
(8.1) 79S 


-OO 


Folh, = — J eS" h(x)dx C=E+in, n <0. 
Jo 
Fy(h,¢) and Fo(h,¢) are clearly holomorphic in their respective do- 
mains of definition, and it is apparent from (8.1) that if 7 > 0, then 
F,(h, € + in) — Fo(h, € — in) is the Fourier transform of e~”!*|h. Hence 
if h € L! (R) we obtain 


(8.2) (Fi (h, € + in) — Fa(h, € — in)) = h(E) 


lim 
n—=0+ 
uniformly. Since c~"'"!h tends to h in the weak-star topology for any 
h € L™(R), (8.2) is valid for every h € L™(R) provided h is allowed to 
be a pseudo-measure and the limit is in the weak-star topology of FL” 
as dual of A(IR). 

Let us consider the case h € L'(R). If I is an interval on R disjoint 
from the support of À, and D is the disc of which J is a diameter, and if 
we define the function F in D by 


F(a) 120 


(8.3) Fh O= ne neo 


then it follows from (8.2) that F(A, ¢) is well defined and continuous in 
D and it is holomorphic in D\ Z. It is well known that this implies (e.g., 
by Morera’s theorem) that F(A, C) is holomorphic in D. We see that in 
the case h € LINL®(R), Fi(h, C) and Fo(h, ¢) are analytic continuations 
of each other through the complement of =(h) on R. On the other hand, 
if Fi(h, ¢) and F(h, C) are analytic continuations of each other through 
an open interval I, h(€) = Fı (h, €) — F(h, €) = 0 on T, and IN E(h) = 0. 
Denoting by c(h) the set of concordance of (Fi (h, ¢), Fo(h, ¢)), that is, 
the set of points on R in the neighborhood of which F; (h, ¢) and Fy(h, © 
are analytic continuations of each other, we can state our result as 


Lemma. Assume h € L! N L®(R); then Sh) is the complement of 
c(h). 


8.2 We now show that the same is true without assuming h € L1(IR). 


Theorem. For every bounded function h, Elh) is the complement of 
c(h). 
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PROOF: Let E be a compact subset of c(h); then, as 7 — 0+, 
Fi(h,€ + in) — Fo(h,é — in) — 0 uniformly for £ € E. If f € A(R) 
and the support of f is contained in E, then 


(84) (fh) = tim g | AORE aE type = 0 
n=0+ 2r . 
which proves S(h) N c(h) = 9. 

The fact that ĉo Z X(h) implies & € c(h) is obtained from Lemma 
8.1 and the following simple lemma about removable singularities: 


8.3 Lemma. Let I be an interval on the real line, D the disc in the 
¢ plane of which I is a diameter, F a holomorphic function defined in 
D\ I, satisfying the growth condition 


(8.5) |F(€ + in)| < const |n| 7”. 


Assume that there exist functions ®; which are holomorphic in D, 
satisfy (8.5) (with a constant independent of j) and ®,(¢) —> F(¢) in 
D\ L Then F can be extended to a function holomorphic in D. 


PROOF: Let Dı be a concentric disc properly included in D and Dz a 
concentric disc properly included in Dı. Denote by ¢1, Cə the points of 
intersection of the boundary of Dt with J. 

The functions (Ç — ¢1)"(¢ — ¢2)"®,(¢) are uniformly bounded on 
the boundary of Dı, hence in Dı, and consequently ®; are uniformly 
bounded in Dz. The Cauchy integral formula now shows that ®; con- 
verge uniformly in Də to a holomorphic function which agrees with F 
on Dy \ I. Since D? is an arbitrary concentric disc in D, the lemma 
follows. < 


8.4 Lemma. Leth € L® (R); then 
LF, OL < Allon C=E+in, n> 0 
[Fo(h, OLS [Ihllooln| "C= E+ im, n> 0. 
PROOF: 


vQ -Q 
[Fi(h,¢)| < J e™ |h(a)|da: < Ihi f eda = [hll 


and similarly for F>. < 
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We can now finish the proof of Theorem 8.2. We have to show that 
if & Z Dh), then ĉo € c(h). Assume ĉo ¢ (À); by Lemma 4.7, £o 
has an interval J about it which does not intersect E(hK,) provided A 
is large enough (K, is the Fejér kernel and (Ky) = [—1/A, 1/A)). If D 
is the disc for which 7 is a diameter, it follows from Lemma 8.1 that 
the pair (F\ (AK), C), Fo(hK,, ¢)) defines holomorphic functions ®) in 
D, which clearly converge, as à = co to (Fi(h, C), Folh, ¢)) on D\L By 
Lemma 8.4 we can apply Lemma 8.3 and the theorem follows. < 


The Fourier-Carleman transform thus gives an alternative definition 
of the weak-star spectrum of a bounded function. As an illustration 
we indicate briefly how Theorem 4.11 can be obtained by Carleman’s 
method. We assume again h € L®(R) and S(h) = {0}. The pair 
(Fi (h, C), Fo(h, C)) defines an analytic function whose only singularity 
in the finite ¢ plane is at the point ¢ = 0. By Lemma 8.4 and the 
Phragmén-Lindelöf theorem, ® tends to zero at infinity and has a simple 
pole at ¢ = 0. Hence, for some constant c, 6(¢) = c/i¢, which is the 
Fourier-Carleman transform of the constant c. 


9 KRONECKER’S THEOREM 


9.1 Theorem (Kronecker). Let ài, à2,..., Àn be real numbers, in- 
dependent over the rationals. Let a1,...,Q, be real numbers and £ > 0. 
Then there exists a real number x such that 


(9.1) je — el | <e, j=1,2,...,n. 


Kronecker’s theorem is equivalent to 


9.2 Theorem. Aj, A2,...,A,, be real numbers, independent over the 
rationals, \y = 0, and let ag, a1,...,Qn be any complex numbers. Then 
(9.2) sup, > aje*| = X a;l. 

j=0 j=0 


We first establish the equivalence of Theorems 9.1 and 9.2 and then 
obtain 9.2 as a limit theorem. 


PROOF THAT 9.1 > 9.2: Write a; = rje®™, r; > 0. By 9.1, there exist 
values of z for which |e7* — e“(%o—3)| is small, j =1,...,n. For these 
values of x, $y; aje’)* is close to °° Y ry. < 
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PROOF THAT 9.2 = 9.1: Consider the polynomial 1+5} e7' es" and 
notice that its absolute value can be close to n + 1 only if all the sum- 
mands are close to 1, that is, only if (9.1) is satisfied. < 


Remark: If 1,...,A,,7 are linearly independent over the rationals, 
we can add the condition |e?"** — 1| < e which essentially means that 
we can pick z in (9.1) to be an integer. 


Theorem 9.2 is a limiting case of Theorem 9.3, below. The idea in the 
proof is that used in the proof of Lemma V.1.3, that is, the application 
of Riesz products and of the inequality 


(9.3) M(f9) < Flo Mal) 


which is clearly valid for f,g € AP(IR) (see (5.5)). Actually, we use 
(9.3) for polynomials only, in which case the existence of the limit (5.5) 
and the fact that it equals the constant term are obvious, and this section 
is essentially independent of section 5. 

For the sake of clarity we state 9.3 y first for N = 1, as 


9.3 Theorem. Let \i,...,A, be real numbers having the following 
properties: 


(a) Soejj=0 €;)=-1,0,1, > 2) =0 forall j. 
1 


(b) JOa Sà 7 =-1,0,1, => 2) =0 for j Fk. 
1 
Then, for any complex numbers @,..., an 


Eat > 3 a 


PROOF: Write a; = rje , rj > 0 and 


(9.4) SUD, 


rh 


glz) = [la + cos(\jx + a;)) 


1 
f(x) = 5 aje'™®. 


g is a nonnegative trigonometric polynomial whose frequencies all have 
the form X` jà, €; = —1,0,1. By (a), the constant term in g is 1, hence 
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M(g) = M(|g|} = 1. By (b), the constant term (which is the same as the 
mean value) of fg is 5 >} r; and, by (9.3), 


1 n 
2 227i < supl fl; < 


9.3) Theorem. Let ài,..., Àn be real numbers having the following 
properties: 


(a) Soe); = 0 ej integers, |a| <N => ©; =0 forall). 
1 


(b) So ej; =, €; integers, |a| <N => ©, =0 forj#k. 
1 


Then, for any complex numbers ay,..., Qn, 


1 
do ae") > (1 -= Fo dial. 


PROOF: Virtually identical to that of 9.3; we only have to replace g as 
defined there by 


(9.4) SUP» 


n 


g(x) = |] Kn Qj +05) 


where Ky (a) = En (1 — Mhe 2). We leave the details to the reader, 
< 


It is clear that if A,,..., Àn are linearly independent, the conditions 
of 9.3, are satisfied for all N and consequently we obtain (9.4) for 
all N, hence (9.2). This completes the proof of theorem 9.2 and hence 
of Kronecker’s theorem. < 


For a different approach see VII.3. 


9.4 The extension of theorem 9.1 to infinite, linearly independent sets 
presents a certain number of problems, not all of which are solved. We 
restrict our attention to compact linearly independent sets E and ask 
under what conditions is it possible to approximate uniformly on E ev- 
ery function of modulus 1, by an exponential. The obvious answer is 
that this is possible if, and only if, E is finite; this follows from Kro- 
necker’s theorem ("if") and the fact that uniform limits of exponentials 
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must be continuous on F, and if E is infinite (and compact) not all func- 
tions of modulus 1 are continuous ("only if"). We therefore modify our 
questions and ask under what condition is it possible to approximate 
uniformly on E every continuous function of modulus 1 by an expo- 
nential. We do not have a satisfactory answer to this question; for some 
sets & the approximation is possible, for others it is not, and we intro- 
duce the following: 


DEFINITION: A compact set E C R is a Kronecker set if every contin- 
uous function of modulus 1 on E can be approximated on E uniformly 
be exponentials. 

The existence of an infinite perfect Kronecker set is not hard to es- 
tablish by a direct construction. We choose, however, to prove it by a 
less direct method which also may be used to obtain finer results (see 


[14]). 


Theorem. Let E be a perfect totally disconnected set on R. Denote 
by CrR(E) the space of continuous, real-valued functions on E. Then 
there exists a set G of the first category? in C(E) such that every p € 
Cr(E) \ G maps E homeomorphically onto a Kronecker set. 


PROOF: A function y € Ce(E) maps E homeomorphically onto a Kro- 
necker set if, and only if, for every continuous function h of modulus 1 
on E and for every £ > 0, there exists a real number A such that 


(9.5) Suppe p |e? —h(a)| < £ 


We show first that if we fix A and e, the set of functions y for which 
(9.5) holds for an appropriate À is everywhere dense in CR( E). For this, 
let Y € Cr(E) and let n > 0. We take à = 10771 and write E asa 
union of disjoint closed subsets Ej, j = 1,...,N, the E,’s being small 
enough so that the variation of either A or e” on E; does not exceed 
e/3. Let et% be a value assumed by h on E; and et^ a value assumed 
by e” on Ej; we may clearly assume |aj| < r and |6;| < m for all j. 
We now define 

aj — bj 

À 

We have y € Cr(E) and |Y — Wl < 27/å < n, also, checking on each 
E;, it is clear that (9.5) holds. 


(9.6) plz) = pler) + for x € Ej. 


İCR(E), with the metric given by the norm ||y|loo = supyeg|¢(2)|, is a complete 
metric space. 


200 AN INTRODUCTION TO HARMONIC ANALYSIS 


It follows that the set G(h, £) of all y € Cr( E) for which (9.5) holds 
for no à € R, a set which is clearly closed, is nondense. Taking a se- 
quence of continuous functions of modulus 1, say {An }, which is dense 
in the set of all such functions, and taking a sequence of positive num- 
bers {£m } such that €m — 0, itis clear that G = Un mG (An, em) is of the 
first category. Also, if y ¢ G, then every h,, can be approximated uni- 
formly on E by et>? with appropriate \’s hence so can every continuous 


function of modulus | and the theorem follows. < 
EXERCISES FOR SECTION 9 
1. Let à1,..., Àn be linearly independent over the rationals and let fi,..., fr 


be continuous and periodic on R, having periods dj" respectively. Show that 
the closure of the range of f = fı +--+ fn is precisely range (fo) +---+range 
(fn). Deduce that if 0 € range (f;) for all j, then 


DARDS 


Hint: Show that if ci ...,c, are complex numbers, one can find £1, ..., En, the 
ej’ being zero or one, such that |X eje;| > 4 Xll. 

2. Let f € AP(R) and assume that o(f) is independent over the rationals. 
Show that f is a measure and that || f|] = \Ifilarcay- 

3. Let f € AP(R) and assume that o(f) C {3-7}32). Show that fisa 
measure and that lfa < 2\|flloo. 

4. Let à1,..., An be real numbers. Set ào = 0 and assume that for any 
choice of complex numbers ao,..., an, (9.2) is valid. Show that A1,...,An are 
linearly independent over the rationals. 

5. Construct a sequence {;} of linearly independent numbers such that 
Aj — 0, and such that {A;} U {0} is not a Kronecker set. 

6. Show that every convergent sequence of linearly independent numbers 
contains an (infinite) subsequence which is a Kronecker set. 


Chapter VII 


Fourier Analysis on Locally Compact 
Abelian Groups 


We have been dealing so far with spaces of functions defined on 
the circle group T, the group of integers Z, or the real line R (or R). 
Most of the theory can be carried, without too much effort, to spaces of 
functions defined on any locally compact abelian group. The interest 
in such a generalization lies not only in the fact that we have a more 
general theory, but also in the light it sheds on the "classical" situations. 
We give only a brief sketch of the theory: proofs, many more facts, and 
other references can be found in [5], [9], [15] and [24]. 


1 LOCALLY COMPACT ABELIAN GROUPS 


A locally compact abelian (LCA) group is an abelian group, say G, 
which is at the same time a locally compact Hausdorff space and such 
that the group operations are continuous. To be precise: if we write 
the group operation as addition, the continuity requirement is that both 
mappings x +> —x of G onto G and (x,y) — «+ y of GrG onto G are 
continuous. For a fixed x € G, the mappings y +> z + y is a homeomor- 
phism of G onto itself which takes 0 into z. Thus the topological nature 
of G at any x € G is the same as it is at 0. 

Examples: 


(a) Any abelian group G is trivially an LCA group with the discrete 
topology. 


(b) The circle group T and the real line R with the usual topology. 


(c) Let G be an LCA group and H a closed subgroup, then H with 
the induced structure is an LCA group. The same is true for the 
quotient group G/H if we put on it the canonical quotient topology 
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that is, if we agree that a set U in G/H is open if, and only if, its 
preimage in G is open. 


(d) The direct sum of a finite number of LCA groups is defined as the 
algebraic direct sum endowed with the product topology; it is again 
an LCA group. 


(e) The complete direct sum of a family {Ga}, a@ € I, of abelian 
groups is the group of all "vectors" {za }acr, £a € Ga, where the 
addition is performed coordinatewise: {£a} + {ya} = {£o +Ya}. If 
for alla € I, Gy isa compact abelian group, the product topology 
on the complete direct sums make it a compact abelian group. This 
follows easily from Tychonoff’s theorem. 


If for every positive integer n, Gn is the group of order two, then 
the complete direct sum of {Gn} is the group of all sequences {En}, 
En = 0,1 with coordinatewise addition modulo 2, and with the topology 
that makes the mapping {£n} — 25>¢,37" a homeomorphism of the 
group onto the classical cantor set on the line. We denote this particular 
group by D. 


2 THE HAAR MEASURE 


Let G be a locally compact abelian group. A Haar measure on G is 
a positive regular Borel measure ; having the following two properties: 


(1) p(E) < œ if E is compact; 
(2) «(E+ x) = u( E) for all measurableF C G and all x € G. 


One proves that a Haar measure always exists and that it is unique up 
to multiplication by a positive constant; by abuse of language one may 
therefore talk about the Haar measure. The Haar measure of G is finite 
if, and only if, G is compact and it is then usually’ normalized to have 
total mass one. If G = T or G = T” the Haar measure is simply the 
normalized Lebesgue measure. If G = R the Haar measure is again a 
multiple of the Lebesgue measure. If G is discrete, the Haar measure is 
usually? normalized to have mass one at each point. If G is the direct 
sum af G, and Gə, the Haar measure of G is the product measure of 
the Haar measures of G, and Gj. The Haar measure on the complete 


İ Except when G is finite; it is as usual to introduce the "compact" normalization as it 
is the "discrete." 
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direct sum of a family of compact groups is the product of the corre- 
sponding normalized Haar measures. In particular, the Haar measure 
on the group D defined above corresponds to the well-known Lebesgue 
measure on the Cantor set, the homeomorphism defined above being 
also measure preserving. 

Let G be an LCA group; we denote the Haar measure on G by dz, 
and the integral of f with respect to the Haar measure by fẹ f(a)da or 
simply f f(x)dx. For 1 < p < œ we denote by L°(G) the L? space 
on G corresponding to the Haar measure. One defines convolution on 
G by (f * 9) = fa fly — x)g(x)dx and proves that if f,g € L(G) 
then f *g € L'(G) and ||f * glz < Ifl lgl e so that L(G) 
is a Banach algebra under convolution. We may define homogeneous 
Banach spaces on any LCA group G as we did for T or R, that is, as 
Banach spaces B of locally integrable functions, norm invariant under 
translation and such that the mappings y +> fy are continuous from G 
to B for all f € B. Remembering that for 1 < p < œ the continuous 
functions with compact support are norm dense in L? (G), it is clear that 
L(G) is a homogeneous Banach space on G. 

Let B be a homogeneous Banach space on an LCA group G. Using 
vector-valued integration we can extend the definition of convolution 
so that f x g is defined and belongs to B for all f € L'(G) and g € B 
and show that ||f * lle < Iflos: 

DEFINITION: A summability kernel on the LCA group G is a di- 
rected family {ka } in L'(G) satisfying the following conditions: 


(a) |lkallnuccy < const; 
(b) fky(x)dx = 1; 
(c) if V is an neighborhood of 0 in G, lima Savy kala) dx =0. 


If {ka} is a summability kernel on G and if B is a homogeneous 
Banach space on G, then lim, ||k, * g — gl] = 0 for all g € B. 


3 CHARACTERS AND THE DUAL GROUP 


A character on an LCA group G is a continuous homomorphism of 
G into the multiplicative group of complex numbers of modulus 1, that 
is, a continuous complex-valued function £(x) on G satisfying: 


E) =1 and (x+y) = Elly). 
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The trivial character is (a) = 1 identically. If Œ is non-trivial there are 
non-trivial characters on it. 

The set G of all the characters on G is clearly a commutative multi- 
plicative group (under pointwise multiplication). We change the nota- 
tion and write the group operation of G as addition and replace €(2) by 
(x, €) or sometimes by e$”, 

We introduce a topology to G by stipulating that convergence in 
G is equivalent to uniform convergence on compact subsets of G (the 
elements of G being functions on G). Thus, a basis of neighborhoods 
of 0 in G is given by sets of the form {€: |(x,€) —1] << forallx € K} 
where K is a compact subset of G and £ > 0. Neighborhoods of other 
points in G are translates of neighborhhods of 0. It is not hard to see 
that with this topology G is an LCA group; we call it the dual group of 
G. 

For each x € G, the mapping £ > (z, £) defines a character on G. 
The Pontryagin duality theorem states that every character on G has this 
form and that the topology of uniform convergence on compact subsets 
of G coincides with the original topology on G. In other words, if G is 
the dual group of G, then G is the dual of G. 


Examples: (a) For G = T with the usual topology every character 
has the form t ++ e~’” for some integer n, the topology of uniform 
convergence on T is clearly the discrete topology and T = Z. Similarly, 
we check Z = T; this illustrates the Pontryagin duality theorem. 

The example G = T hints the following general theorem: The dual 
group of any compact group is discrete (see exercise 5 at the end of this 
section). Also: The dual group of every discrete group is compact. 

(b) Characters on R all have the form x + e's? for some real £. 
The dual group topology is the usual topology of the reals and R is 
isomorphic to R. 


(c) If H is a closed subgroup of an LCA group G, the annihilator 
of H, denoted H+, is the set of all characters of G which are equal to 
1 on H. H- is clearly a closed subgroup of G . If € € H+, £ defines 
canonically a character on G/H; on the other hand, every character 
on G/H defines canonically (by composition with the mapping G > 
G/H) a character on G. This establishes an algebraic isomorphism 
between the dual group of G/H and H+. One checks that this is also a 
homeomorphism and the dual of G/H can be identified with H~. 

If H is a proper closed subgroup, then H+ is non-trivial. 

(d) By (c) above and the Pontryagin duality theorem: G /H~ is the 
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dual group of H. ee 
(e) If Gi and Go are LCA groups, then Gi 6 Go can be identified 
with G1 @ Gə through 


< (z1, £2), (£1, £2) >=< 11,4 >< 29,62 >. 


In particular, the dual group of T” is Z”, the characters have the 
form (t1,..., tn) > e7} ut with aj EZ. 

(f) If Ga, is a compact abelian group for every a belonging to some 
index set J, and if G is the complete direct sum of {Ga}, then G can be 
identified with the direct sum of {G,,} (with the discrete topology). The 
direct sum of a family {G,,} of groups is the subgroup of the complete 
direct sum consisting of those vectors {fa}aer, a € Ĝa, such that 
Ea =0in Go for all but a finite number of indices. 

The dual group of the group of order two is again the group of order 
two. Consequently, the dual group of the group D introduced above is 
the direct sum of a sequence of groups of order two. If we identify the 
elements of D as sequences {£n}, €n = 0,1, then D is the discrete group 
of sequences {Cn}, Cn = 0,1 with only a finite number of ones, and 


< fen} {Gn} >= (— DE, 


Remark: A natural way to look at Kronecker’s theorem VI.9.3 is: 
Assume that A1,...,A,’s are rationally independent mod 27 and 
consider A = (Ay... An) € T”. The set A = {jX: 7 € Z} is a subgroup, 
and Kronecker’s theorem states that it is dense in T”. If it weren’t, 
its closure A would be a closed proper subgroup and there would be a 
non-trivial (a1,...,@,) € Z” which is trivial on A, i.e. X ajà; € 27Z. 


4 FOURIER TRANSFORMS 


Let G be an LCA group; the Fourier transform of f € L'(G) is 
defined by 


fle) = | ZEEN) de bee. 


We denote by A(G) the space of all Fourier transforms of functions in 
L(G). Since we have (f+9) = f+gand fxg = fg, A(G) is an al- 
gebra of functions on G under the pointwise operations. The functions 
in A(G) are continuous on G; in fact, an equivalent way to define the 
topology on G is as the weak topology determined by A(G), that is, as 
the weakest topology for which all the functions in A(G) are continu- 
ous. 
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With the Haar measures on G and G properly normalized one proves 
inversion formulas stating essentially that f(—2) is the Fourier trans- 
form of f in some appropriate sense, and literally if f is continuous 
and f € L'(G). One deduces the uniqueness theorem stating that if 
f © L(G) and f = 0 then f = 0. 

From the inversion formulas one can also prove Plancherel’s the- 
orem. This states that the Fourier transformation is an isometry of 
L N L?(G) onto a dense subspace of L?(G) and can therefore be ex- 
tended to an isometry of L?(G) onto L?(G). One can now define the 
Fourier transform of functions in L’(G), 1 < p < 2, by interpolation, 
and obtain inequalities generalizing the Hausdorff-Young theorem (as 
we did in V1.3 for the case G = R). 

We denote by A/(G) the space of (finite) regular Borel measures 
on G. M(G) is a Banach space canonically identified with the dual of 
C°(G). The fact that the underlying space G is a group permits the def- 
inition of convolution in M (G) (analogous to that which we introduced 
in I.7 for the case Œ = T). With the convolution as multiplication, 
M(G) is a Banach algebra. We keep the notation u x v for the convolu- 
tion of the measures p and v. L! (G) is identified as a closed subalgebra 
of A¢(G) through the correspondence f — fdz. 

The Fourier (Fourier-Stieltjes) transform of u € M(G) is defined by 


fle) = | ZEE) Eee 


For all u € M(G), ACE) is uniformly continuous on G. If u = fdz with 
f € L(G), then fi(é) = f(é). The mapping u > ji is clearly linear 
and we have prv = ji so that the family B(G) = {fu: u € M(G)} of 
all Fourier-Stieltjes transforms is an algebra of uniformly continuous 
functions on G under pointwise addition and multiplication. 

A function ¢ defined on G is called positive definite if, for every 
choice of £,...,€y € G and complex numbers 21,...,zy we have 
D= pl€; —&%)2;2% > 0. Weil’s generalization of Herglotz-Bochner’s 
theorem states that a function (£) on G is the Fourier transform of a 
positive measure on G if, and only if, it is continuous and positive def- 
inite. 

5 ALMOST-PERIODIC FUNCTIONS AND THE BOHR 
COMPACTIFICATION 


Let G be an LCA group. A function f € L(G} is, by definition, 
almost-periodic if the set of all translates of f, {fy}yeq is precom- 
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pact in the norm topology of L°(G) (compare with VI.5.5). We de- 
note the space of all almost-periodic functions on G by AP(G). One 
proves that almost-periodic functions are uniformly continuous and are 
uniform limits of trigonometric polynomials on G (i.e., of finite lin- 
ear combinations of characters). Since trigonometric polynomials are 
clearly almost-periodic, one obtains that AP(G) is precisely the closure 
in L(G) of the space of trigonometric polynomials. 

If G is compact we have AP(G) = C(G). In the general case we 
consider the groups (G)q, the dual group of G with its topology replaced 
by the discrete topology, and G, the dual group of (G)q. G is the group 
of all homomorphisms of G into T, and it therefore contains G (which 
is identified with the group of all continuous homomorphisms of G into 
T). One proves that the natural imbedding of G into G is a continuous 
isomorphism and that G is dense in G. Being the dual of a discrete 
group, G is compact; we call it the Bohr compactification of G. The 
Bohr compactification of the real line is the dual group of the discrete 
real line and is usually called the Bohr group. 

Assume f € AP(G); let {P;} be a sequence of trigonometric poly- 
nomials which converges to f uniformly. Then, since G is dense in 
G, {P;} converges uniformly on G (every character on G extends by 
continuity to a character on G. It follows that f is the restriction to G 
of lim P; = F € C(G). Conversely, since every continuous function F 
on G can be approximated uniformly by trigonometric polynomials, it 
follows that AP(G) is simply the restriction to G of C(G). 


EXERCISES 


1. Let G be an LCA group and yu the Haar measure on G. Show that if U is 
a nonempty open set in G then (U) > 0. 

Hint: Every compact set E C G can be covered by a finite number of translates 
of U. 

2. Let G be an LCA group and p the Haar measure on G. Let H be a 
compact subgroup. Describe the Haar measure on G/H. 

3. Let G; and G2 be compact abelian groups and let G = G; 6 G2. Denote 
by u, pı, 2 the normalized Haar measures on G, Gi, G2, respectively. Con- 
sidering uj, 7 = 1, 2, as measures on G (carried by the closed subgroups Gj), 
prove that 

H= pı * p2. 


4. Let G be a compact group and {Hn } an increasing sequence of compact 
subgroups such that UT Hn is dense in G. Denote by u, Hn, respectively, the 


208 AN INTRODUCTION TO HARMONIC ANALYSIS 


normalized Haar measure of G, Hn, respectively. Considering the un’s as 
measures on G, show that un — u in the weakstar topology of measures. 
5. Let G be a group and let € and éz be distinct characters on Œ. Show that 


SUP, eal< x, G1 > — <4, & >| > V3. 


Deduce that if G is a compact abelian group, then G is discrete. 
6. Let G be a compact abelian group with normalized Haar measure and let 


€ € G. Show that 
1 ifgf= 
| <28> d= ifg=0 
Ja 0 if€f0. 


7. Let G be a compact abelian group. Show that the characters on G form a 
complete orthonormal family in L? (G). 


Chapter VII 


Commutative Banach Algebras 


Many of the spaces we have been dealing with are algebras. We 
used this fact, implicitly or semi-explicitly, but only on the most ele- 
mentary level. Our purpose in this chapter is to introduce the reader 
to the theory of commutative Banach algebras and to show, by means 
of examples, how natural and useful the Banach algebra setting can be 
in harmonic analysis. There is no claim, of course, that every prob- 
lem in harmonic analysis has to be considered in this setting; however, 
if a space under study happens to be either a Banach algebra, or the 
dual space of one, keeping this fact in mind usually pays dividends. 
The introduction that we offer here is by no means unbiased. The top- 
ics discussed are those that seem to be the most pertinent to harmonic 
analysis and some very important aspects of the theory of commutative 
Banach algebras (as well as the entire realm of the noncommutative 
case) are omitted. As further reading on the theory of Banach algebras 
we mention [5], [15], [19] and [21]. 


1 DEFINITION, EXAMPLES, AND ELEMENTARY PROPERTIES 


1.1 DEFINITION: A complex Banach algebra is an algebra B over the 
field C of complex numbers, endowed with a norm || || under which it 
is a Banach space and such that 


(1.1) llæyll < la lliyll 


for any x,y € B. 
Examples: (1) The field C of complex numbers, with the absolute 
value as norm. 

(2) Let X be a compact Hausdorff space and CX) the algebra of 
all continuous complex-valued functions on X with pointwise addition 
and multiplication. C(X) is a Banach algebra under the supremum 
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norm (also referred to as the sup-norm) 
(1.2) I|flloo = SUP pe xlF(2)]. 


(3) Similarly, if X is a locally compact Hausdorff space, we denote 
by Co(X) the sup-normed algebra (with pointwise addition and multi- 
plication) of all continuous functions on X which vanish at infinity (i.e., 
the functions f for which {x :|f(x)| > £} is compact for all £ > 0). 


(4)C"(T)—the algebra of all n-times continuously differentiable func- 
tions on T with pointwise addition and multiplication and with the norm 


mh 


1 . 
flor =>) ji max | (2). 


0 


(5) HC(D)—the algebra of all functions holomorphic in D (the unit 
disc {z:|z| < 1}) and continuous in D, with pointwise addition and 
multiplication and with the sup-norm. (6) L1(T)—with pointwise addi- 
tion and the convolution (1.1.8) as multiplication, and with the norm 
|| \|z1. Condition (1.1) is proved in Theorem 1.1.7. Similarly—Z1(R). 


(7) M(T)-the space of (Borel) measures on T with convolution as 
multiplication and with the norm || || wm (see 1.1.7). Similarly—M (R). 


(8) The algebra of linear operators on a Banach space with the stan- 
dard multiplication and the operator norm. 


(9) Let B be a Banach space; we introduce to B the trivial multipli- 
cation zy = 0 for all x,y € B. With this multiplication B is a Banach 
algebra. All the foregoing examples, except (8), have the additional 
property that the multiplication is commutative. In all that follows we 
shall deal mainly with commutative Banach algebras. 


1.2 In all the examples except for (3), (6), and (9), the algebras have 
a unit element for the multiplication: the number 1 in (1); the function 
f(x) = 1 in (2), (4), and (5); the unit mass at the origin in (7); and the 
identity operator in (8). It is clear from I.1.7 that if f € Z1(T) were a 
unit element, we would have f(n) = 1 for all n which, by the Riemann- 
Lebesgue lemma, is impossible; thus £1(T) does not have a unit. 

Let B be a Banach algebra. We consider the direct sum B, = BSC, 
that is, the set of pairs (x, à), z € B, A € C; and define addition, 
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multiplication, scalar multiplication and norm in B, by: 


(£1, A1) + (£2, A2} = (£1 + £2, A1 + A2) 
(£1, A1 z2, Aa) = (£1£2 + Aiz + À2£1, A1A2) 
A(z, A1) = (Azı, Aà1) 
læ, Alls: = lella + Il. 


It is clear, by direct verification, that B! is a Banach algebra with a unit 
element (namely (0,1})}. We now identify B with the set of pairs of the 
form (2,0), which is clearly an ideal of codimension 1 in Bı. We say 
that Bı is obtained from B by a formal adjoining of a unit element; 
this simple operation allows the reduction of many problems concern- 
ing Banach algebras without a unit to the corresponding problems for 
Banach algebras with unit. If B is an algebra with a unit element we 
often denote the unit by 1 and identify its scalar multiples with the cor- 
responding complex numbers. Thus we write "1 € B" instead of "B 
has a unit element," and so on. This notation will be used when con- 
venient and may be dropped when the unit element has been identified 
differently. 


1.3 Every normed algebra, that is, complex algebra with a norm satis- 
fying (1.1) but under which it is not necessarily complete, can be com- 
pleted into a Banach algebra. This is done in the same way a normed 
space is completed into a Banach space. If Bo is a normed algebra, we 
denote by B the space of equivalence classes of Cauchy sequences in 
Bo, determined by the equivalence relation: 


{zn} ~ {yn} if, and only if,  lim||z, — y,|| = 0. 


One checks immediately, and we leave it to the reader, that if {zn} ~ 
{xn} and {yn} ~ {yn} then {£n + yn} ~ {£h + Yn Arn} ~ {Ari} 
{tntn} ~ {ely} and limno l|£nl|| = limao l||£4l; hence we can de- 
fine addition, scalar multiplication, multiplication, and norm in B as 
follows: for z,y € B, let {z„} (resp. {yn}) be a Cauchy sequence in 
the equivalence class x (resp. y), then z + y (resp. Ax, xy) will be the 
equivalence class containing {£n + y,} (resp. {Azn}, {£nYn h and |lz|| 
is, by definition, limp—oo||£n||.- With these definitions, B is a Banach 
algebra and the mapping which associates with an element a € Bo the 
equivalence class of the "constant" sequence {£n}, £n = a for all n, is 
an isometric embedding of Bo in B as a dense subalgebra. 


212 AN INTRODUCTION TO HARMONIC ANALYSIS 


1.4 The condition (1.1) on the norm in a Banach algebra implies the 
continuity of the multiplication in both factors simultaneously. Con- 
versely: 


Theorem. Let B be an algebra with unit and with a norm || || under 
which it is a Banach space. Assume that the multiplication is continu- 
ous in each factor separately. Then there exists a norm || ||’ equivalent 
to || ||, for which (1.1)is valid. 


PROOF: By the continuity assumption, every x € B defines a contin- 
uous linear operator A, : y > xy on B. If x # 0, A,(1) = z, and 
consequently A, # 0; also As z (y) = aivey = Ax, (toy) = Av, Anny 
hence the mapping z — Ax is an isomorphism of the algebra B into the 
algebra of all continuous linear operators on B. Let || ||’ be the induced 
norm, that is, 


(1.3) ||" = Asl] = supyyy<illeyl| 


then || ||! is clearly a norm on B and it clearly satisfies (1.1). We also 
remark that 


(1.4) lel = A" el 

(take y = ||1||7} in (1.3)) and, consequently, if x,,, is a Cauchy sequence 
in || ||’, it is also a Cauchy sequence in || ||, and so converges to some 
zo € B. We contend now that lim||x,, — xo||’ = 0 which is the same 


as lim||A,,, — Ax,|| = 0. This follows from: (a) {A,,,} is a Cauchy 
sequence in the algebra of linear operators on B hence converges in 
norm to some operator Ag; (b) Ax, Y = Eny > toy = Ax, y for all y € B 
(here we use the continuity of ay in x). It follows that Ag = A,,, and 
the contention is proved. We have proved that B is complete under the 


norm || ||, and since the two norms, || || and || ||’ are comparable, (1.4), 
they are in fact equivalent (closed graph theorem). < 
Remark: The norm || ||! has the additional property that ||1||’ = 1; 


hence there is no loss of generality in assuming as we shall henceforth 
do implicitly, that whenever 1 € B, |/1|| = 1. 


1.5 Theorem. Let B be a commutative Banach algebra and let I 
be a closed ideal in B. The quotient algebra B/I endowed with the 
canonical quotient norm is a Banach algebra. 
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PROOF: The only thing to verify is the validity of (1.1). Let € > 0, 
let z, ğ € B/I and let z, y € B be representatives of the cosets z, ğ 
respectively, such that ||2|| < ||@|| + s, |ly|| < ||gl| +£. We have xy € 2% 
and consequently 


29 || < leyli < [lly] < Ea + Mell + |g) +e” 


and since £ > 0 is arbitrary, ||%%|| < ||%||||9||- < 


EXERCISES FOR SECTION 1 


1. Verify condition (1.1) in the case of C” (T) (example 4 above). 

2. Let B be a homogeneous Banach space on T, define multiplication in B 
as convolution (inherited from L'(T)). Show that with this multiplication B is 
a Banach algebra. 

3. Let X be a locally compact, noncompact, Hausdorff space and denote by 
Xoo its one-point compactification. Show that C(X..) is isomorphic (though 
not isometric) to the algebra obtained by formally adjoining a unit to Co(X). 

4. Let B be an algebra with two consistent norms (see IV.1.1, || |o and 
|| lı- Assume that both these norms are multiplicative (i.e., satisfy condition 
(1.1)). Show that all the interpolating norms || |a, 0 < œ < 1 (see IV.1.2), are 
multiplicative. 


Hint: B isa normed algebra and Ba are ideals in B. 


2 MAXIMAL IDEALS AND MULTIPLICATIVE 
LINEAR FUNCTIONALS 


2.1 Let B be acommutative Banach algebra with a unit 1. An element 
x € B is invertible if there exists an element x~! € B such that za~! = 
1. 


Lemma. Consider a Banach algebra B with a unit 1. Let x € B and 
assume ||z —1|| < 1. Then x is invertible and 


(2.1) a t=S\d-2). 


J=0 


PROOF: By (1.1), | — Y || < ||(1 —2)]|?; hence the series on the right 
of (2.1) converges in B. Writing x = 1 — (1 — x) and multiplying term 
be term we obtain x }7" (1-2) =1 < 
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2.2 Lemma. Let x € B be invertible and y € B satisfying ||y — «|| < 
\|z—1||-1. Then y is invertible and 


(2.2) yt sat Sod atyy. 
7=0 
PROOF: || 1- e7tyl] < lete — yll. Apply Lemma 2.1 tox "ly. << 


Corollary. The set U of invertible elements in B is open and the func- 
tion x ++ x7! is continuous on U. 


PROOF: We only need to check the continuity, Let x € U, y — x; by 
(2.2) we have y™t — a7) = at SO (1 — a ty); hence 


[20] 
lly? = TH < A eT e — yl? < 2em Ple- y| 
j=1 


provided ||a — yl] < állt 7+. < 


2.3 DEFINITION: The resolvent set R(x) = Rg(x) of an element x in a 
Banach algebra B with a unit is the set of complex numbers à such that 
x — \ is invertible. 


Lemma. For x € B, R(x) is open and F(X) = (a — A)! is a holomor- 
phic B-valued function on R(x). 


PROOF: This is again an immediate consequence of Lemma 2.2. If 
Ao € R(x) and å is close to Apo, it follows from (2.2) that 


(z =A) = (x — Ao) * SUA (@ = Ao) (e — Ao + Ao = A)? 
= — So(@ = do) i Oo = AY. 


(2.3) is the expansion of (x—A)~! to a convergent power series in A—g 
with coefficients in B. < 


(2.3) 


2.4 Lemma. R(x) can never be the entire complex plane. 


PROOF: Assume R(x) = C. The function (x — »)~' is an entire B- 
valued function and as |\| — co 


_ a) f2 -1 _ 
le- X= AIZ- Aa so. 


It follows from Liouville’s theorem (see appendix A) that (z—A)—! = 0, 
which is impossible. < 


VIII. COMMUTATIVE BANACH ALGEBRAS 215 


Theorem (Gelfand—Mazur). A complex commutative Banach alge- 
bra which is a field is isomorphic to C. 


PROOF: Let x € B, à a complex number à ¢ R(x); then x — À is not 
invertible and, since the only noninvertible element in a field is zero, 
x = à. Thus, having identified the unit of B with the number 1, B is 
canonically identified with C. 


2.5 We now turn to establish some basic facts about ideals in a Banach 
algebra. 


Lemma. Let I be an ideal in an algebra B with a unit. Then I is 
contained in a maximal ideal. 


PROOF: Consider the family Z of all the ideals in B which contain T. 
T is partially ordered by inclusion and, by Zorn’s lemma, contains a 
maximal linearly ordered subfamily Zọ. The union of all the ideals in 
To is a proper ideal, since it does not contain the unit element of B, and 
it is clearly maximal by the maximality of Zo. < 


Remark: The condition 1 € B in the statement of the lemma can be 
relaxed somewhat. For instance, if J C B is an ideal and if u € B is 
such that (u, 7)—the ideal generated by u and J-is the whole algebra, 
then u belongs to no proper ideal containing /, and the union of all the 
ideals in Zp (in the proof above) is again a proper ideal since it does not 
contain w. 


2.6 DEFINITION: The ideal J C B is regular if B has a unit mod J; 
that is, if there exists an element u € B such thatr — ux € T for all 
x € B. If Bhasa unit element, every J C B is regular. If J is regular in 
B and u is a unit mod 7 then, since for every x € B, x = uz + (£ — ux), 
we see that (u, J) = B. Using Remark 2.5 we obtain: 


Lemma. Let I be a regular ideal in an algebra B. Then I is contained 
in a (regular) maximal ideal. 


2.7 Lemmas 2.5 and 2.6 did not depend on the topological structure 
of B. If B is a Banach algebra with a unit it follows from Lemma 
2.1 that the distance of 1 to any proper ideal is one, and consequently 
the closure of any proper ideal is again a proper ideal; in particular, 
maximal ideals in B are closed. Our next lemma shows that the same 
is true even if B does not have a unit element provided we restrict our 
attention to regular maximal ideals. 
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Lemma. Let I be a regular ideal in a Banach algebra B. Letu be a 
unit mod I. Then dist(()u, I) > 1. 


PROOF: We show that ifv € B and ||u — v|| < 1, then (J, v) = B; hence 
v € I. For x € B we have 


CO 


(2.4) r= (Se -vřz-uð (u-— 0) +v) (uve. 
0 0 


0 


The difference (Xp (u — vx — u $p (u — v)’) belongs to T since u is 
a unit mod J, and the third term is a multiple of v; hence (I, v} = B and 
the lemma is proved. < 


Corollary. Regular maximal ideals in a Banach algebra are closed. 


2.8 DEFINITION: A multiplicative linear functional on a Banach alge- 
bra B is a nontrivial’ linear functional w(x) satisfying 


(2.5) wry) = w(xr)w(y), z,y €B. 
Equivalently, it is a homomorphism of B onto the complex numbers. 


We do not require in the definition that w be continuous—we can 
prove the continuity: 


Lemma. Multiplicative linear functionals are continuous and have 
norms bounded by 1. 


PROOF: Let w be a multiplicative linear functional; denote its kernel 
by M. M is clearly a regular maximal ideal and is consequently closed. 
The mapping x — w(x) identifies canonically the quotient algebra B/M 
with C, and if we denote by || ||’ the norm induced on C by B/M, we 


clearly have |A] = ||1||/|A| for all A € C. By (1.1), |1| > 1 and 
hence |A| < ||Al|’ for all A € C; it follows that for any x € B, |w(x)| < 
lw < lel. < 


Theorem. The mapping w — ker(w) defines a one-one correspon- 
dence between the multiplicative linear functionals on B and its regular 
maximal ideals. 


+A linear functional which is not identically zero. 
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PROOF: A multiplicative linear functional w is completely determined 
by its kernel M: if z € M then w(x) = 0: ifa g M, w(x) is the unique 
complex number for which z? — w(x)x € M. On the other hand, if 
M is a regular maximal ideal in a commutative Banach algebra B, the 
quotient algebra B/M is a field. Since M is closed B/M is itself a 
complex Banach algebra (Theorem 1.5), and by Theorem 2.4, B/M is 
canonically identified with C. It follows that the mapping B — B/M is 
a multiplicative linear functional on B. < 


Corollary. Let B be a commutative Banach algebra with a unit ele- 
ment. An element x € B is invertible if, and only if w(x) 4 0 for every 
multiplicative linear functional w on B. 


PROOF: If x is invertible w(x}w(x7t}) = 1 for every multiplicative lin- 
ear functional w, hence w(x) # 0. If x is not invertible then zB is a 
proper ideal which by Lemma 2.5, is contained in a maximal ideal M. 
Since x = x-1 € zB C M it follows that w(x} = 0 where w is the 
multiplicative linear functional whose kernel is M. < 


2.9 At this point we can already give one of the nicest applications of 
the theory of Banach algebras to harmonic analysis. 


Theorem (Wiener). Let f € A(T) and assume that f vanishes nowhere 
on T; then f~ € A(T). 


PROOF: We have seen in 1.6.1 that A(T) is an algebra under pointwise 
multiplication and that the norm 


llam = XIF] 


is multiplicative. Since A(T) is clearly a Banach space (isometric to 
41), it follows that it is a Banach algebra. 

Let w be a multiplicative linear functional on A(T); denote \ = 
w(e") (the value of w at the function e* € A(T)). Since |le"’|| 4@7) = 1 
it follows from Lemma 2.8 that à < 1; similarly we obtain that \~! = 
w((e")~+) = w(e") satisfies |\~!| < 1, and consequently |A| = J, that 
is \ = e* for some to. By the multiplicativity of w, w(c?™) = e1”* for 
all n; by the linearity, w(P) = P(to) for every trigonometric polynomial 
P; and by the continuity, w( f) = f(to) for all f € A(T). It follows that 
every multiplicative linear functional on A(T) is an evaluation at some 
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to to € T; every to to € T clearly gives rise to such a functional and 
we have thus identified all multiplicative linear functionals on A(T). 
Let f € A(T) such that f(t) # 0 for all t € T. By Corollary 2.8, f is 
invertible in A(T), that is, there exists a function g € A(T) such that 
g(t) f(t) = 1 or equivalently f7! € A(T). < 


2.10 The algebra A(T) is closely related to A(R) and Theorem 2.9 can 
be used in determining the maximal ideals of A(R) (or, equivalently, 
L! (R)); this can also be done directly and our proof below has the ad- 
vantage of applying for many convolution algebras (see also exercise 4 
at the end of this section). 


Theorem. Every multiplicative linear functional on L*(IR) has the 
form f > f(&) for some £ € R. 


PROOF: Let w be a multiplicative linear functional on L1(R). As any 
linear functional on L'(R) w has the form w(f) = f f(z)h(x)dzx for 
some h € L™ (IR). We have 


wf =g) = I Fæ- vI) Edy de = J FIRE + yds dy 
w( f(g) = J KOLOL. f aly) Rudy = J| EOD dy 


By the multiplicativity of w and the fact that the linear combinations of 
the form © f;(x)g;(y), fj, g; € L’ (R) are dense in L’ (RzR), it follows 
that h(x+y) = h(x)h(y) almost everywhere in RxR. Thus (see exercise 
VL4.7) h(x) = e’? for some ĉo € R, and w(f) = f(£). < 


2.11 We shall use the term “function algebra” for algebras of contin- 
uous functions on a compact or locally compact Hausdorff space with 
pointwise addition and multiplication. It is clear that if B is a function 
algebra on a space X and if x € X, then f — f(z) is either a multiplica- 
tive linear functional on B, or zero, and consequently (Lemma 2.8) if 
B is a Banach algebra under a norm || ||, we have |f(x)}| < ||f|| for all 
xreXandfEeB. 


2.12 Let B bea function algebra on a locally compact Hausdorff space 
X and assume that for all x € X there exists a function f € B such that 
f(x) #0. Denote by w, the multiplicative linear functional f = f(e). 
Recall that B is separating on X if for any xı, z2 € X, zı Æ £2, there 
exists an fB such that f(x1) # f(z2)}, this amounts to saying that if 
zı # xə then w,, # Wr. Thus, if B is separating on X and not all the 
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functions in B vanish at any x € X, the mapping x +> w, identifies X 
as a set of multiplicative linear functionals on B. In general we obtain 
only part of the set of multiplicative linear functionals as w,, £ € X 
(see exercise 6 at the end of this section); however, in some important 
cases, every multiplicative linear functional on B has the form w, for 
some x € X. We give one typical illustration. 

DEFINITION: A function algebra B on a space X is self-adjoint on X 
if whenever f € B then also f € B (where f(x) = f(z)). 


DEFINITION: A function algebra B on a space X is inverse closed if 
1 € B and whenever f € B and f(x) 4 0 for all x € X, then f~t € B. 
Thus we can restate Theorem 2.9 as: "A(T) is inverse closed." 


Theorem. Let B be a separating, self-adjoint, inverse-closed function 
algebra on a compact Hausdorff space X. Then every multiplicative 
linear functional on B has the form w, (i.e., f œ f(x)) for some x © X. 


PROOF: If we denote M, = {f: f(z) = 0}, or equivalently M, = 
ker(wz), then, by theorem 2.8, the assertion that we want to prove is 
equivalent to the assertion that every maximal ideal in B has the form 
M, for some x € X. We prove this by showing that every proper ideal 
is contained in at least one M,. Let J be an ideal in B and assume 
I ¢ M, for all xX. This means that for every x € X there exists a 
function f € J such that f(x) Æ 0. Since f is continuous, f(y) 4 0 
for all y in some neighborhood O, of z. By the compactness of X we 
can find a finite number of points 21,...,2,, with corresponding f; €l 
and neighborhoods O,, j = 1,...,n, such that X = UTO; and such that 
fi(y) 4 0 for y € O;. The function y = >), fif; belongs to I, is positive 
on X, and since B is assumed to be inverse closed, y is invertible and 
1 € TJ, that is, 7 = B. < 


Corollary. Let X be a compact Hausdorff space. Then every multi- 
plicative linear functional on C(X) has the form wz (i.e., f œ f (£y) for 
some z € X. 


EXERCISES FOR SECTION 2 


1. Use the method of the proof of 2.9 to determine all the multiplicative 
linear functionals on C (T). 

2. The same for C” (T). 
Hint: ||e"™ ||on = 0 (m”). 
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3. Check the results of exercises 1 and 2 using 2.12. 

4. Let G be an LCA group, and let B denote the convolution algebra L'(G). 
Show that every multiplicative linear functional on B has the form f — f (y) 
for some y € G. Hint: Repeat the proof of 2.10. 

5. Determine the multiplicative linear functionals on HC(D) (see section 
1, example 5). 

6. Let B be the sup-norm algebra of all the continuous functions f on T 
such that f(n) = 0 for all negative integers n. Show that B is a separating 
function algebra on T; however, not every multiplicative linear functional on B 
has the form w; for some t € T. Hint: What is the relationship between B and 
HC(D)? 

7. Show that a commutative Banach algebra B may have no multiplicative 
linear functionals (hint: example 9 of section 1); however, if 1 € B, B has at 
least one such functional. 

8. Determine the multiplicative linear functionals on Co(X), X being a 
locally compact Hausdorff space. 


3 THE MAXIMAL-IDEAL SPACE AND THE 
GELFAND REPRESENTATION 


3.1 Consider a commutative Banach algebra B and denote by Mt the 
set of all of its regular maximal ideals. By Theorem 2.8 we have canon- 
ical identification of every M € IN with a multiplicative linear func- 
tional, and hence, by Lemma 2.8, we can identify 9% with a subset of 
the unit ball U* of B*—the dual space of B. This identification induces 
on M whatever topological structure we have on U*, and two impor- 
tant topologies come immediately to mind: the norm topology and the 
weak-star topology. We limit our discussion of the metric induced on 
M by the norm in B* to exercises 1-3 at the end of this section and refer 
to [6] for a more complete discussion. The topology induced on M by 
the weak-star topology on B* is more closely related to the algebraic 
properties of B; we shall refer to it as the weak-star topology on WM. 


Lemma. MU {0} is closed in U* in the weak-star topology. If1 € B 
then IN is closed. 


PROOF: In order to prove the first statement we have to show that if 
ug E€ M, then ug(xy) = uo(x)uo(y) for all x,y € B. From this it would 
follow that either up € I or ugo = 0. Let e > 0, x,y € B and consider 
the neighborhood of uo in U* defined by 


(3.1) {u:|u(a) —uolw)| < £, July) — uoly)| < £, lu(ey) —uo(au)| < e}; 
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Since uy € M there exists a w € M in (3.1), and remembering that 
w(xy) = w(x) wy) we obtain 


luo(zy) — uo(x)uo(y)| < (1 + [lal] + lyi). 


Since < > 0 is arbitrary, uo(xy) = uo(x)uo(y). 

In order to prove the second statement we have to show that if 1 € B, 
then 0 ¢ IN. Since w(1) = 1 for all w € M, it follows that {u:]u(1)| < 
3} is a neighborhood of 0 disjoint from Mt and the proof is complete. 

< 


Since U* with the weak-star topology is a compact Hausdorff space, 
it follows that the same is true for M U {0} or, if 1 € B, for IN. This is 
sufficiently important to be stated as: 


Corollary. M, with the weak-star topology, is a locally compact Haus- 
dorff space. If 1 € B then W is compact. 


We shall see later (see Theorem 3.5) that in some cases the com- 
pactness of M implies 1 € B. However, considering example (9) of 
section 1, we realize that Mt may be compact (as a matter of fact empty 
!) for algebras without unit. The reader who feels unconvinced by an 
example consisting of the empty set should refer to exercise 4 at the 
end of this section. 


3.2 For x € Band M € IN we now write i(M) = x mod M (i.e., 
the image of x under the multiplicative linear functional corresponding 
to M). By its definition, the weak-star topology on Mt is the weakest 
topology such that all the functions {2(M):x € B} are continuous. 


Lemma. /f 1 € B, the mapping x > & is a homomorphism of norm 
one of B into C(N). 


PROOF: The algebraic properties of the mapping are obvious. For 
every M € Mand x € B, |z(M)| < ||x|| (Lemma 2.8) and hence 
sup ,,|@(M)| < ||a||. On the other hand Î(M} = 1 and the norm of 
not smaller than one. < 


If we do not assume 1 € B, the set {M :|2(M)| > £} is compact in M 
for every x € B and £ > 0; consequently x — ĉ is a homomorphism 
of norm at most one, of B into Co(M). The subalgebra B of C(M) 
(resp. Co(M}) obtained as the image of B under the homomorphism 
xz > ĉ is called the Gelfand representation of B. The function ĉ&( M) is 
sometimes referred to as the Fourier-Gelfand transform of z. 
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3.3 In many cases we can identify the weak-star topology on con- 
cretely in virtue of the following simple fact (cf. [15], p.6): let 7, Tı 
be Hausdorff topologies on a space M and assume that M is compact 
in both topologies and that the two topologies are comparable; then 
T = 7. In our case this means that if 1 € B and if 7 is a Hausdorff 
topology on Mt in which 9% is compact, and such that all the func- 
tions ĉ( M) in Ê are r-continuous, then, since the weak-star topology is 
weaker than or equal to 7, the two are equal. By a formal adjoining of 
a unit we obtain, similarly, that if J ¢ B and 7 is a Hausdorff topology 
on M such that M is locally compact and Ê C Cy(Mt,r) then 7 is the 
weak-star topology on WM. 


3.4 DEFINITION: The radical, Rad(.B), of a commutative Banach 
algebra B is the intersection of all the regular maximal ideals in B. 

Rad (B) is clearly a closed ideal in B and is the kernel of the ho- 
momorphism x — ĉ of B onto Ê. The radical of B may coincide with 
B (example 9 of section 1) in which case we say that B is a radical 
algebra; it may be a nontrivial proper ideal, or it may be reduced to 
Zero. 


3.5 DEFINITION: A commutative Banach algebra B is semisimple if 
Rad (B) = 0. Equivalently: B is semisimple if the mapping x — # is an 
isomorphism. 


3.6 DEFINITION: The spectral norm’ of an element x € B, denoted 
|Z \|sp > iS SUPyregy|@(M)|. The spectral norm can be computed from 
the B norm by: 


Lemma. [Z| sp = impl” ||. 


PROOF: The claim is that the limit on the right exists and is equal to 
\|2\|sp. This follows from the two inequalities: 


(a) \|2°|| sp < lim inf ||2"||'/"; 


(b) Jzllsp > limsup||x”||!/”. 


+The origin of the term is in the fact that the set of complex numbers à for which 
x — à is not invertible (assuming 1 € B) is commonly called "the spectrum of z" and the 
spectral norm of æ is defined as sup|A| for à in the spectrum of z. By Corollary 2.8, the 
spectrum of x coincides with the range of ĉ( M), which justifies our definition; we prefer 
to avoid using the much abused word "spectrum" in any sense other than that of chapter 
VI. 
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\|2\|sp < |la”||'/", which proves (a). In the proof of (b) we assume first 
that 1 € B, and consider (x — \)~' as a function of À. By Lemma 2.3, 
(x — \)~! is holomorphic for |A| > ||z|| 5». If |A| > ||x|| we have 


We notice first that for every n, ||x||%, = le”lsp < lz”, that is, 


(z = A)T} = -ATH = a/A) = ASS ad: 
and if F is any linear functional on B, 
(æ = A)" F) = AS a", FA” 


is holomorphic, hence convergent for |A] > ||z||sp. Pick any A > ||z£||sp 
then (A~"x”, F} is bounded (in fact, it tends to zero) for all F € B*, 
and it follows from the Uniform Boundedness Principle that A~” |z” || is 
bounded, hence lim sup||2”||!/" < A. Since À is any number of modulus 
greater than ||z||sp, (b) follows. If 1 ¢ B we may adjoin a unit formally. 
Both the norm and the spectral norm of an element x € B are the same 
in the extended algebra and since (b) is valid in that algebra, the proof 
is complete. < 


Corollary. x € Rad(B) <> lim||x”||!/" = 0 

PROOF: g € Rad (B) <=> ||z|lsp = 0. < 
3.7 Lemma 3.6 allows a simple characterization of the Banach alge- 
bras for which the spectral norm is equivalent to the original norm. 
Such an algebra is clearly semisimple, and the Gelfand representation 


identifies it with a (uniformly) closed subalgebra of the algebra of all 
continuous functions on its maximal ideal space. 


Theorem. A necessary and sufficient condition for the equivalence of 
| \|sp and the original norm || || of a Banach algebra B is the existence 
of a constant K such that \\a\|? < K\|x?|| for all x € B. 


PROOF: Tf || || < Kill lsp then llel? << K7\la|/3, < K3 llel’; this 
establishes the necessity. On the other hand, if the condition above is 
satisfied, 


æli << K? e? 2 <K!H/4 gtt < 


<o < KUHA t2 "a T, 


and, by Lemma 3.6, ||x|| < K’||2|| sp. < 
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3.8 DEFINITION: A commutative Banach algebra B is self-adjoint if 
B is self-adjoint on the maximal ideal space WM. 


Remark: Notice the specific reference to the maximal ideal space. The 
algebra of functions defined on the segment 7 = [0,1] which are restric- 
tions to J of functions holomorphic on the unit disc and continuous on 
the boundary (i.e., of functions in HC(D)), is self-adjoint as a function 
algebra on I. As a Banach algebra it is isomorphic to HC(D) which is 
not self-adjoint. (See also exercise 11 at the end of this section). 


Theorem. Let B be self-adjoint with unit and assume that there exists 
a constant K such that ||x||? < K||x?|| for all x € B. Then B = C(M). 


PROOF: By the Stone-Weierstrass theorem 2 is dense in C(IN), and by 
3.7 it is uniformly closed. < 


3.9 Let F(z) = J` anz” be a holomorphic function in the disc |z| < R 
and x an element in a Banach algebra B such that ||x||sp < R. It follows 
from Lemma 3.6 that the series ` anx” converges in B (if 1 ¢ B, we 
assume ay = 0) and we denote its sum by F(x). If M is a maximal ideal 
in B, we clearly have F(x)(M) = F(@(M)). 

Instead of power series expansion, we can use the Cauchy integral 
formula: 


Theorem. Assume 1 € B. Let F be a complex-valued function, holo- 
morphic in a region’ G in the complex plane. Let x € B he such that 
the range of & is contained in G. Let y be a closed rectifiable curv in 
G, enclosing the range of &, and whose index with respect to any è( M), 
M € M, is one, and is zero with respect to any point outside G. Then 
the integral 

(3.2) Fa)=- | [20 


2Ti Jy 2-2 


dz 


is a well-defined element in B and 
(3.3) F(x)(M) = F(#(M)) 
jorall M EM. 


PROOF: The integrand is a continuous B-valued function of z, hence 
(3.2) is well defined and (3.3) is valid. < 


tNot necessarily connected! 
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Remarks: : (a) The element F(x) defined by (3.2) does not depend 
on the particular choice of y. Also, it can be shown, using the Cauchy 
integral (3.2), that for a given z € B, the mapping F +> F(x) is a homo- 
morphism of the algebra of functions holomorphic in a neighborhood 
of the range of ¢ into B (cf. [5], §6). 

(b) Though the integral (3.2) clearly depends upon the assumption 

1 € B, we can "save" the theorem in the case 1 ¢ B by formally adjoin- 
ing a unit. Denoting by B’ the algebra obtained by adjoining a unit to 
B, we notice that for x € B the range of % over IN’ (the maximal ideal 
space of B’) is the union of {0} with the range of ĉ on IN. If we require 
0 € G, then (3.2) can be taken as a B’-valued integral, and if F(0) = 0 
then F(a) vanishes whenever does, and in particular F(x) € B. 


3.10 Theorem 3.9 states essentially that B is stable under the oper- 
ation of analytic functions. For the algebra A(T) this is Paul Levy’s 
extension of Wiener’s theorem 2.9: 


Theorem (Wiener-Levy). Let f(t) = Y f(j)e* with S| f(j)| < co. 
Let F be holomorphic in a neighborhood of the range of f. Then g(t) = 
F(f(t)) has an absolutely convergent Fourier series. 


3.11 As another simple application we mention that if there exists an 
element x € B such that #(/) is bounded away from zero on M then, 
denoting by F(z) the function which is identically 1 for |z| > £ and 
identically zero for |z| < ¢/2 (where € = 4inf|ê(M)|), we see that 
F(a) = 1 on M. If we assume that B is semisimple it follows that F(x) 
is a unit element in B. 

The assumption that ¢ is bounded away from zero for some xeB 
implies directly that M is compact (see the proof of 3.1); if we assume, 
on the other hand, that St is compact, then 0 is not a limit point of 
M in U* and consequently there exists a neighborhood of zero in U*, 
disjoint from M. By the definition of the weak-star topology this is 
equivalent to the existence of a finite number of elements 7),..., £n in 
B such that |@|+---+|£,| is bounded away from zero on IN. Operating 
with functions of several complex variables one can prove again that 
1 € B. We refer the reader to ([5], §13) for a discussion of operation by 
functions of several complex variables on elements in B and state the 
following theorem without proof: 


Theorem. /f B is semisimple and MN is weak-star compact, then 1 € 
B. 
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3.12 Another very important theorem which is proved by application 
of holomorphic functions of several complex variables, deals with the 
existence of idempotents: 


Theorem. Assume that IN is disconnected and let U C M be both 
open and compact in the weak-star topology. Then there exists an ele- 
ment u € B such that 


(a) W=u 


0 M¢U 


b) AUM) = f Meu 
Remarks: (i) If B is semisimple then (a) is a consequence of (b). 

(ii) The idempotent u allows a decomposition of B into a direct sum 
ofideals. Write) = uB = {z € B:x=ur}and hb = {x € B:uz =O}; 
it is clear that 7, and Jy are disjoint closed ideals and for any x € B, 
e=uet+(x—ux); thus B= h Gly. 


We refer to ([5], §14) for a proof; here we only point out that if 
we know that B is uniformly dense in C(I) (resp. Co(Mt)), and in 
particular if B is self-adjoint on Mt, theorem 3.12 follows from 3.9. In 
fact, there exists an element x € B such that |ê(M) — 1| < į for M € U 
and |ê(M}| < į for M € M\ U. Defining F(z) as 1 for |z — 1| < + and 
0 for |z| < 4, we obtain u as F(x). 


EXERCISES FOR SECTION 3 


1. Show that the distance between any two points of T, considered as the 
maximal ideal space of C(T), in the metric induced by the dual (in this case 
M(T)) is equal to 2; hence the norm topology is discrete. 

2. We have seen that the maximal ideal space of HC(D) is D = DUT = 
{z:|z| < 1}. Show that the norm topology on D (i.e., the topology induced 
by the metric of the dual space on the set of multiplicative linear functionals) 
coincides with the topology of the complex plane on D and with the discrete 
topology on T. 

Hint: Schwarz’ lemma. 

3. Show that the relation ||wı — w?|| < 2 is an equivalence relation in the 
space of maximal ideals (multiplicative linear functionals) of a sup-normed Ba- 
nach algebra B. The corresponding equivalence classes are called the "Gleason 
parts" of the maximal ideal space. 

4. Let B be an arbitrary Banach algebra and let Bı be a Banach algebra 
with trivial multiplication (example 9 of section 1). Denote by B the orthogonal 
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direct sum of B and Bı, that is, the set of all pairs (x,y) with z € B, y € Bi 
with the following operations: 


(x,y) + (21, y1) = (x +T, y +y) 
Alx, y) = (àz, Ay) for complex à 
(x, y)(#1, y1) = (wat, 0) 


and the norm ||(z,y)|| = llela + |lylla,. Show that B is a Banach algebra 
without unit and with the same maximal ideal space as B. 

5. Let X be a compact (locally compact) Hausdorff space. Show that the 
maximal ideal space of C(X) (resp. Co(X)), with the weak-star topology, co- 
incides with X as a topological space. 

6. We recall that a set {a1,...,22} C B is a set of generators in B if it is 
contained in no proper closed subalgebra of B, or, equivalently, if the algebra 
of polynomials in z1,..., £n is dense in B. Show that if {a1,...,an} is a set of 
generators in B, then the mapping M œ (#1(M),...,2%m(M)) identifies M, as 
a topological space, with a bounded subset of C”. 

7. Let I be a closed ideal in B. Denote by A(/)—the hull of /—the set of all 
regular maximal ideals containing I. Show that the maximal ideal space of B/I 
can be canonically identified with h(Z). 

8. Let 41, I2 be (nontrivial) closed ideals in an algebra B such that 1 € B. 
Assume that B = [1 & Ig. Show that M is disconnected. 

9. Show that not every multiplicative linear functional on M (T) has the 
form u — fi(n) for some integer n. 

10. Show that for any LCA group G, L'(G) and M(G) are semisimple. 

11. Let B be a Banach algebra with a unit, realized as a self-adjoint function 
algebra on a space X. 

(a) Prove that B is self-adjoint if, and only if, f is real valued on M for every 
f € B which is real valued on X. 

(b) Prove that B is self-adjoint if, and only if, 1 + |f|? is invertible in B for all 
JEB. 

12. Let {wn }nez be a sequence of positive numbers satisfying 1 < Wn+m < 
Wn Wm forall n,m € Z. Denote? by A{wn} the subspace of A(T) consisting of 
the functions f for which 


llun} = DLOS <œ. 


(a) Show that with the norm so defined, A{wn } is a Banach algebra. 
(b) Assume that for some k > 0, wn = O (In|*). Show that the maximal 
ideal space of A{w,} can be identified with T. 


8 Compare with exercise V.2.7. 
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(c) Under the assumption of (b), show that A{w,} is self-adjoint if, and 

only if, 
wnw_, =O(1) as |n| Soo. 

13. Let B be a Banach algebra with norm || ||o and maximal ideal space 
M. Let Bı C B be a dense subalgebra which is itself a Banach algebra under 
a norm || ||1. Assume that its maximal ideal space is again Mt (this means that 
every multiplicative linear functional on Bı is continuous there with respect to 
|| llo). Assume that || ||o and || ||1 are consistent on Bı and denote by || Ile, 
0 < a < 1, the interpolating norms (see IV.I.2 and exercise 1.4) and by Ba the 
completion of Bı with respect to the norm || ||.. Show that the maximal ideal 
space of Ba is again M. 


Remark: If B is semisimple the norm || ||o is majorized by || ||1, (see section 
4) and hence by || ||. for all 0 <a < 1. 


14. Let Bı C B’ C B be Banach algebras with norms || |l1, || ||’ and 
|| || respectively. Assume that Bı is dense in B and in B’ in their respective 
norms and that B and Bı have the same maximal ideal space M. Show that the 
maximal ideal space of B’ is again M. 


Remark: The assumption that Bı is dense in B’ is essential; see exercise 11 of 
Section 9. 


4 HOMOMORPHISMS OF BANACH ALGEBRAS 


4.1 We have seen (Lemma 2.8) that homomorphisms of any Banach 
algebra into the field C are always continuous. The Gelfand represen- 
tation enables us to extend this result: 


Theorem. Let B be a semisimple Banach algebra, let Bı be any Ba- 
nach algebra and let ~ be a homomorphism of Bı into B. Then ¢ is 
continuous. 


PROOF: We use the closed graph theorem and prove the continuity of 
y by showing that its graph is closed. Let x; € Bı and assume that 
x; — xo in Bı and pz; — yo in B. Let M be any maximal ideal in 
B; the map x +> ¢z(M) is a multiplicative linear functional on B,, and 
by Lemma 2.8 it is continuous. It follows that px;( M) converges to 
~xo(M); on the other hand, since yx; — yo in B, 2;(M) > PM), 
so that pro( M) = mM). Hence yxy — yo € M for all maximal ideals 
M in B and, by the assumption that B is semisimple, pxo = yo. Thus 
the graph of ¢ is closed and ¢ is continuous. < 


Corollary. There exists at most one norm, up to equivalence, with 
which a semisimple algebra can be a Banach algebra. 
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4.2 Let B and Bı be Banach algebras with maximal ideal spaces M 
and M, respectively. Let p be a homomorphism of Bı into B. As we 
have seen in the course of the preceding proof, every M € M defines 
a multiplicative linear functional w(x) = @7(M) on Bı. We denote the 
corresponding maximal ideal by yM. It may happen, of course, that 
w 1s identically zero and the "corresponding maximal ideal" is then the 
entire Bı; thus y is a map from Mt into Mı U {B1}. In terms of linear 
functionals, y is clearly the restriction to IN of the adjoint of ¢. 


Theorem. ¢ : M — Mı U {Bi} is continuous when both spaces are 
endowed with the weak-star topology. If p(B) is dense in B in the 
spectral norm, then ọ is a homeomorphism of IN onto a closed subset 
of My. 


PROOF: A sub-basis for the weak-star topology on Mı U {B1} is the 
collection of sets of the form U, = {M :23ı( Mı) € O}, O an open set in 
C and x; € Bt. The y pre-image in M of Uy is U = {M:¢x1(M) € O} 
which is clearly open. If (BD is uniformly dense in B, the functions 
@r1(M), zı € Bı, determine the weak-star topology on Mt and it is 
obvious that y is one-to-one into M, and that it is a homeomorphism. 
What remains to show’ is that if (Br) is uniformly dense in B then 
(Mt) is closed in Mı. We start with two remarks: 

(a) For Mı € W the map ya +> Tı (Mı) is well defined on (B1) 
if, and only if, for all zı € Bi, pri = 0 implies zı (Mı) = 0. 

(b) When the above-mentioned map is defined, it is clearly multi- 
plicative and (assuming p( Br) uniformly dense in 2) it can be extended 
to a multiplicative linear functional on B if, and only if, for all zı € Bı: 


(M) < pz Isp - 


Assume now that M, € M is in the weak-star closure of y(t). For 
any x, € Bı and £ > 0 there exists an M € M such that 


Since £ > 0 is arbitrary and since |z1(42)| < ||pzı]lsp, it follows that 
|21(A41)| < ||P2£1]|sp and by our remark (b) there exists an My € M 
such that pri (Mo) = 71(M,) for all zı € Bı; that is, pMo = M, and 
Mı € p). < 


İNotice that if 1 € B then Mt is compact and ¢y(IM) is therefore compact, so that in 
this case the rest of the proof is superfluous. 
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4.3 From 4.2 it follows in particular that if y is an automorphism of 
B, then y is a homeomorphism of M, and if B is semisimple (so that 
we can identify it with its Gelfand representation), then ¢ is given by 
G2(M) = #(pM). 

In other words: Every automorphism, of a semisimple Banach alge- 
bra is given by a (homeomorphic) “change of variable" on the maximal 
ideal space. 

Of course not every homeomorphism of M defines an automor- 
phism of B (or B), and the question which homeomorphisms do, is 
equivalent to the characterization of all the automorphisms of B and 
can be quite difficult. 


*4.4 The following lemma is sometimes helpful in determining the au- 
tomorphisms of Banach algebras of functions on the line. 


Lemma. Let y be a continuous function defined on an interval |a, b] 
and having the following property: Ifro,1r1,...,7n are real numbers 
such that all the 2 points 


N 
(4.1) Ne = ro + Soe sry, é; = 0,1 
1 


lie in [a,b], then the numbers {¢(n;)} are linearly dependent over the 
rationals. Then the set of points in a neighborhood of which ¢ is a 
polynomial of degree smaller than N is everywhere dense in [a, bl. 


PROOF: Let J be any interval contained in [a, b]; we show that there ex- 
ists an interval I’ C I such that y coincides on J’ with some polynomial 
of degree smaller than N. Without loss of generality we may assume 
that 7 > [0, N+1] so that if0 <r; < 1, j =0,1,...,.N, all the points na 
defined by (4.1) are contained in J. By the assumption of the lemma, 


to each choice of (79,..., 77) such that 0 < r; < 1, corresponds at least 
one vector (Ai,..., Aon } with integral entries not all of which vanish, 
such that 

2N 
(4.2) XO Aala) = 0. 


a=1 


Denote by E(A,,..., An ) the set of points (ro,...,7) in the N + 1- 
dimensional cube 0 < r; < 1, for which (4.2) is valid. Since y is con- 
tinuous it follows that E(A1,....Agn) is closed for every (A1,..., Agv) 
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and since [J E(A1,..., Aon) is the entire cube 0 < r; < 1, it follows 
from Baire’s category theorem that some F(Ai,...,A2~} contains a 
box of the form {r}? < r; < rj}, j =0,...,N. 

Let £ > 0 be smaller than $(rj — r9) and let Ye be infinitely differ- 
entiable function carried by (—<,<) such that f Yal¿)dé = 1. We put 
Pe = Y * Ye and notice that 


Qn 25 
NO Aavelta) = V(X Aaplha)) 
a=1 a=l1 


and consequently 


2N 
(4.3) XO Aapelna) = 0 
a=l1 
for 
(4.4) rgte<ro<rg-e, ry <s ae j=l,...,N. 


Now, ye is infinitely differentiable and we can differentiate (4.3) with 
respect to various r;’s, j > 1. Assume that Aa, 4 0 and that the coef- 
ficient of rjo in Na is equal to one. Differentiating (4.3) with respect to 
rj, we obtain 


(4.5) So Ae (na) =0 


where the summation extends now only over those values of œ such 
that the coefficient of r;, in na is equal to one. Also, (4.5) is nontrivial 
since it contains the term A.,y2(No,). Repeating this argument with 
other r;’s we finally obtain a nontrivial relation Age” (no) = 0, that 
1S yp (na) = 0, with M < N, and it follows that on the range of na 
corresponding to (4.4), say I’, p is a polynomial of degree smaller 
than M — 1 < N. Ase — 0, ye —> y and ọ is a polynomial of degree 
smaller than N on I’. < 


Corollary. Jf y, as above, is N-times continuously differentiable on 
[a, b], then it is a polynomial of degree smaller than N on [a,b]. 


*4.5 Theorem (Beurling-Helson). Let p be an automorphism of 
A(R) and let y be the corresponding change of variable on R (see 4.3). 
Then y(t) = af + b with a,b € R anda $ 0. 
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PROOF: The proof is done in two steps. First we show that y is linear 
on some interval on R, and then that the fact that y is linear on some 
interval implies that it is linear on R. 

First step: By 4.1, ¢ is a continuous linear operator on A(R). Let 
N be an even integer such that 2" > ||p||*; we claim that ọ satisfies the 
condition of Lemma 4.4 for this value of N. If we show this, it follows 
from 4.4 that y is a polynomial on some interval I’ c R. p maps I’ 
onto some interval Tọ and, since ¢ is an automorphism we can repeat 
the same argument for p7! and obtain that the inverse function of y 
is a polynomial on some interval J4 C Ip. Since a polynomial whose 
inverse function (on some interval) is again a polynomial must be linear 
it follows that ¢ is linear on I’. 

The adjoint ~* of p maps the unit measure concentrated at £ to the 


unit measure concentrated at y(£). Since ||y*|| = ||| we obtain that 
for every choice of a; € C and £; € R 
(4.6) DECORI < lell aðg pp 


We remember also that by Kronecker’s theorem (VI.9.2) if {y(é;)} are 
linearly independent over the rationals, then ||) ajôp p Fr = Xlaj]. 
We show now that for every choice of rg,r1,...,7N € R, if the 2% 
points na given by (4.1) are all distinct, there exists a measure v carried 
by {na} such that ||| yr = 1 and ||v||rr~ < Q-N/4, 

Put 


(4.7) hj = g% + Ora; 1 + öra — Oraj -14r2;)) J= L1., N/2. 


The total mass of jz; is clearly 1 and 


(4.8) 
[ej (2) =40 Hei 2s-18 4 eirt _ etlraj—1traj)®) — 


_l irgy—1@/2 


i ira tres ft 
e COS roj—1%/2 + z i(r2z-1+r25/2)æ 


sin ro,_1 2/2 
so that 

. 1 . “3 
(4.9) JA(a)| < 3 (leos r2;—12/2| + |sinra;-12/2|) < 2 2, 


We now take v = ðn, * p1 * +++ * tng. V is Clearly carried by {nj} and if 
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the 1’s are all distinct the total mass of v is 1. On the other hand 
N/2 
lvlar= < J [lerr < 2774. 
1 
If {7 } are linearly independent over the rationals it follows first that the 
ms are all distinct, and by (4.6) applied to v, and Kronecker’s theorem 
1 < ||p||2-%/4 which contradicts the assumption 2% > ||gl|*. 
Second step: For all n and A, |le""*W)\|| ag) < 3; hence 


e OE) a < lell 


As \ > œ%, Vi(o(€)) becomes 1 on larger and larger intervals on R, 
which eventually cover any finite interval on R. By VI.2.4 (or by taking 
weak limits), e*’’) is a Fourier-Stieltjes transform of a measure of 
total mass at most 3||~||. If we denote by pı the measure on R such that 
mE = er, it follows that e’”?©) is the Fourier-Stieltjes transform 
of 


KT 


pi” = uix xu (n times) 


and we have 


(4.10) laille < 3Il¢ 


By the first step we know that y(é) = a£ + b on some interval J on 
IR. We now consider the measure pu obtained from u by multiplying it 
by e~” and translating it by a. We have fi(€) = e~“*+ T(E), that is 
ÊE = 1 on I (and |A(£)| = 1 everywhere). It follows from (4.10) that 


(4.11) lellu < 3) |]. 


Consider the measures vn = 27"(6 + y)*", (6 = ðo being the unit mass 


at £ = 0). We have 
n n , 
Vn = gor . 4*1 
yE) 


0 


and consequently |/n|| < 3||y||; also, 7(€) = (42)" which is equal 


to 1 if ~(€) = 1 and tends to zero if A(£) # 1. Taking a weak limit of vn 
as n — oo we obtain a measure v such that ô is equal almost everywhere 
to the indicator function of the set {€: A(E) = 1} which clearly implies 
>(€) = 1 identically on R, hence &(£) = 1 almost everywhere on R and 
since ji is continuous, /i(€) = 1 everywhere. It follows that e*?%)) = 


e'(8+) everywhere on R, and y(£) = aé + b. < 
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Remarks: (a) The first step of the proof applies to a large class of 
algebras. For instance, if B is an algebra whose maximal ideal space is 
IR, B > A(R) and for each constant K there exists an integer N such that 
every set {na } defined by (4.1) (such that the 7’s are all distinct) carries 
a measure v such that ||v||g- < Ktv], step 1 goes verbatim for 
B. 

(b) If we assume that ọ is continuously differentiable, step 2 is su- 
perfluous. In fact, step 1 shows that the set of points near which y is 
linear is everywhere dense and if y’ exists and is continuous, the slope 
must be always the same and y must be linear. This proves that for 
the algebras discussed in remark (a), the continuously differentiable 
changes of variable induced by an automorphism must be linear. 

(c) We have used the fact that p was an automorphism of A(R) 
rather than an endomorphism once, when deducing in the first step that 
y was linear in some interval from the fact that it is a polynomial (on 
an interval) whose inverse function is also a polynomial. This part 
of the argument can be replaced (see exercise 12 at the end of this 
section), and we thereby obtain that every nontrivial endomorphism of 
A(R) is given by a linear change of variable (and consequently is an 
automorphism). 


EXERCISES FOR SECTION 4 


1. Let B be a semisimple Banach algebra with norm || || and Bi c Ba 
subalgebra of B which is a Banach algebra with a norm || ||1. Show that there 
exists a constant C’ such that ||æ|| < C||a||1 for all z € Bi. 

2. Let B be a Banach algebra of infinitely differentiable functions on [0, 1], 
having [0,1] as its space of maximal ideals. Show that there exists a sequence 
{Mn} o such that sup| f (x)| < Mn || f|] for every f € B. 

3. Show that the space of all infinitely differentiable functions on [0,1] 
cannot be normed so as to become a Banach algebra. 4. Let B be a semisimple 
Banach algebra with maximal ideal space Mt. Prove that a homeomorphism 
of M is induced by an endomorphism of B if, and only if f € Ê> f o4 € B, 
where (f o Y)(M) = f(w(M)). 

5. What condition on y above is equivalent to its being induced by an 
automorphism? 

6. Construct examples of semisimple Banach algebras B and Bı and a 
homomorphism y : Bı > B (such that pBi is not dense in B) and such that 
the corresponding mapping y (a) is not one-to-one; (b) is one-to-one but not a 
homeomorphism; (c) maps Mt onto a dense proper subset of Mı. 

7. Show that a homeomorphism y of T onto itself is induced by an auto- 
morphism of A(T) if, and only if, e”? € A(T) for all n and |le’”* lacy = O (1). 
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8. (Van der Corput’s lemma): (a) Let y be real-valued on an interval [a, b], 
and assume that it has there a monotone derivative satisfying y’ (£) > p > 0 on 
[a, b]. Show that fe PO del < 2/p. 

(b) Instead of assuming y’(£) > p > 0 on [a,b], assume that y is twice 
differentiable and that y” > x > 0 on [a,b]. Show that 


b 
j etl dE] < 6K73 


Hint: For (a) write f ®© de = —i f d®(€)/p' (€), where (£) = e'*). and 
apply the so-called "second mean-value theorem." For (b), if ¢’(c) = 0, write 


Nie 


b cK eth 3 b 
[ef katl 
—1 —1 
Ja a Jerk 2 Jet 2 
the middle integral is clearly bounded by 2x7 2 ; evaluate the other two integrals 
by (a). 
9. Let y be twice differentiable, real-valued function on [0, 1] and assume 
that y” > « > 0 there. Show that 


1 
j get O dEl < 12673 
0 


Hint: Integrate by parts and use exercise 8. 

10. Let y be twice differentiable, real-valued function on [—1, 1] and as- 
sume that o” > n > 0 there. Put a(€) = (1 — |é|)e'"* for |E] < 1 and 
®,,(€) = 0 for |é| > 1 Show that for all x € R, 


1 
J Bp (Ee de| < Ay èn è 


1 
zj, 
Hint: ©, (€e** = (1-— |El) e0- The second derivative of the exponent 
is > nn; use exercise 9. 

11. Show that for some ¢ > 0, ||®n|l Apa) 2 cvn; ®n being the function 
introduced in exercise 10. 
Hint: Use exercise 10, Plancherel’s theorem, and the fact that ||®,||;2;%), is 
independent of n. 

12. Prove that every nontrivial endomorphism of A(R) is given by a linear 
change of variable. 
Hint: See remark (c) of 4.5. If y is the change of variable induced by an 
endomorphism y, y is a polynomial on some interval and if it is not linear, 
P” E > 7 (or g” (E) < —n) for some 7 > 0 on some interval J. A linear change 
of variable allows the assumption [—1, 1] c 7. As in the second step of the proof 
of 4.5, lle OVA) la < Sill. hence [EHV laa < Bll 
For à sufficiently large ©, (€)Vx(y(€)) = ©, (£) and by exercise 11, ||®n || aca 
tends to infinity with n, which gives the desired contradiction. 
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5 REGULAR ALGEBRAS 


5.1 DEFINITION: A function algebra B on a compact Hausdorff space 
X is regular if, given a point p € X and a compact set K C X such 
that p ¢ K, there exists a function f € B such that f(p) = 1 and f 
vanishes on K. The algebra B is normal if, given two disjoint compact 
sets Kı, Ko in X, there exists f € B such that f = 0 on Kı and f = 1 
on Kə. 


Examples: (a) Let X be a compact Hausdorff space. Then CX) is 
normal. This is essentially the contents of Urysohn’s lemma (see [15], 
p. 6). 

(b) HC(D), the algebra of functions holomorphic inside the unit 
disc and continuous on the boundary, is not regular. 


Theorem (partition of unity). Let X be a compact Hausdorff space 
and B a normal function algebra on X, containing the identity. Let 
{U;}F-1, be an open covering of X. Then there exist functions pj, j = 
1,...,n, in B satisfying 


support of y; C U}; 


weal 


(5.1) 


PROOF: We use induction on n. Assume n = 2. Let Vi, V2 be open sets 
satisfying V; C U; and Vi U V2 = X. There exists a function f € B such 
that f = 0 on the complement of Vı and f = 1 on the complement of 
Vg. Put yı = f, g2 =1-f. 

Assume now that the statement of the theorem is valid for coverings 
by fewer than n open sets and let U1,..., Un be an open covering of 
X. Put U' = U,_-1 U Un and apply the induction hypothesis to the 
covering U,,...,U,_2,U' thereby obtaining functions g1, ..., n—2, P" 
in B, satisfying (5.1). Denote the support of »’ by S and let V,_1, Vn 
be open sets such that V; c U; (j = n — 1,n) and V,_-1 UV, D S. Let 
f € B such that f = 0 on S\ V,,-1 and f = 1 on S \ Vn. Put yn-1 = Y'f 
and yn = y’(1 — f). The functions g1, ..., Yn satisfy (5.1). < 


Remark: The family {y,;} satisfying (5.1) is called a partition of unity 
in B, subordinate to {U;}. Partitions of unity are the main tool in tran- 
sition from "local" properties to "global" ones. A typical and very im- 
portant illustration is Theorem 5.2 below. 
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5.2 Let F be a family of functions on a topological space X. A func- 
tion f is said to belong to F locally at a point p € X, if there exists a 
neighborhood U of p and a function g € F such that f = gin U. If f 
belongs to F locally at every p € X, we say that f is locally in F. 


Theorem. Let X be a compact Hausdorff space and F a normal al- 
gebra of functions on X. If a function f belongs to F locally, then 
JEF. 


PROOF: For every p € X let U be an open neighborhood of p and g € F 
such that g = f in U. Since X is compact, we can pick a finite cover of 
X, {U;}?_,, among the above mentioned neighborhoods. Denote the 
corresponding elements of F by g;; that is, g; = f in Uj. Let {y,;} bea 
partition of unity in F subordinate to {U;}. Then 


(5.2) f= gS = So 9395 € F. a 


Remark: Itis clear from (5.2) that if J C F is an ideal, and if f belongs 
to J locally G.e., g; € J), then f € J. 


5.3 We consider a semisimple Banach algebra B with a unit, and de- 
note its maximal ideal space by M 


DEFINITION: The hull, h(I), ofan ideal J in B, is the set ofall M € WM 
such that J c M. Equivalently: h(/) is the set of all common zeros of 
&(M) for x € I. Since the set of common zeros of any family of 
continuous functions is closed, h(/) is always closed in M. 


DEFINITION: The kernel, k(E), of a set E c W, is the ideal Omer M. 
Equivalently: k(E) is the set of all x € B such that #(M/) = 0 on E. 
k(E) is always a closed ideal in B. 


5.4 If E c M, then h(k(F)) is a closed set in M that clearly contains 
E. One can show (see [15], p. 60) that the hull-kernel operation is a 
proper closure operation defining a topology on IN. Since h(k(F)) is 
closed in M, the hull-kernel topology is not finer than the weak-star 
topology. The two coincide if for every closed set F c Pt we have 
E = h(k(£)) which means that if My ¢ E there exists an element 
x € k(E) such that (My) # 0. Remembering that x € k(E) means 
%(M) = 0 on E, we see that the hull-kernel topology coincides with the 
weak-star topology on M if, and only if B is a regular function algebra. 
In this case we say that B is regular. 
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DEFINITION: A semisimple Banach algebra B is regular (resp. nor- 
mal) if B is regular (resp. normal) on IN. 


5.5 Theorem. Let B be a regular Banach algebra and E a closed 
subset of IN. Then the maximal ideal space of B/k(E) can be identified 
with E. 


PROOF: The maximal ideals in B/k(F) are the canonical images of 
maximal ideals in B which contain k(F), that is, which belong to 
h(k(£)) = E. This identifies M(B/k(E)) and E as sets and we claim 
that they can be identified as topological spaces. We notice that the 
Gelfand representation of B/k(£) is simply the restriction of Ê to E. A 
typical open set in a sub-base for the topology of M(B/k(E}) has the 
form 
U={M:M € E, &5(M) € O}, 


O an open set in the complex plane, « € B, and xg = zmod k(E). 
A typical open set in a sub-base for the topology of Jt has the form 
U' = {M:27(M) € O'} with O’ open in C and zı € B. If O = O' and 
z = x, then U = E N U' and the topology on M(B /k(E)}) is precisely 
the topology induced by M. < 


5.6 Theorem. Let B be a regular Banach algebra, I an ideal in B, E 
a closed set in W such that EN h(1) = 0. Then there exists an element 
x € I such that ĉ&( M) = 1 on E. 


PROOF: The ideal generated by 7 and k( E) is contained in no maximal 
ideal since M > (I,k(E)}) implies M > J and M D k(E), that is, 
M € ENh(I). It follows that the image of J in B/k(E) is the entire 
algebra and consequently there exists an element x € J such that x = 1 
mod k(£), which is the same as saying 2(M) = 1 on E. < 


Corollary. A regular Banach algebra is normal. 


PROOF: If E and E» are disjoint closed sets in M, apply the theorem 
to I = k( E1}, and E = Eo. < 


5.7 We turn now to some general facts about the relationship between 
ideals in regular Banach algebras and their hulls. 


Theorem. Let I be an ideal in a regular Banach algebra B and z € B. 
Then & belongs to I locally at every interior point of h(x) and at every 
point M ¢ h(T). 
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PROOF: We write h(x) for h((x)), that is, the set of zeros of ĉ in MN. If 
M is an interior point of h(x), = 0 ina neighborhood of M and 0 € J. 
IfM ¢ h(I), M has a compact neighborhood E disjoint from h(/). By 
Theorem 5.6 there exists an element y € J such that g(A7) = 1 on £E. 
Now # = #9 on E and zy E l. < 


Corollary. Let I be an ideal in a regular semisimple Banach algebra 
B and z € B. If the support of ĉ is disjoint from h(I), then x € I. 


PROOF: By Theorem 5.7, % belongs to I locally at every point, and 
by Corollary 5.6 and the remark following Theorem 5.2 it follows that 
&@ €Thenceax €l. < 


5.8 Let E be a closed subset of M. The set Io(F) of all « € B such 
that 2(M)} vanishes on a neighborhood of F is clearly an ideal and if 
B is regular, h(/p(£)) = E. It follows from Corollary 5.7 that Ig(£) is 
contained in every ideal 7 such that h(/) = E. In other words: Jg(£) is 
the smallest ideal satisfying h(7) = E, and Ip(£) is the smallest closed 
ideal satisfying h(/) = E. On the other hand, k(£) is clearly the largest 
ideal satisfying h(J) = E. 
DEFINITION: A primary ideal in a commutative Banach algebra is an 
ideal contained in only one maximal ideal. 

In other words, an ideal is primary if its hull consists of a single 
point. 

If B is a semisimple regular Banach algebra, every maximal ideal 
M C B contains a smallest primary ideal, namely Io({M }). We sim- 
plify the notation and write Jọ(M)} instead of Jo({M}). The closure, 
Io( M}, is clearly the smallest closed primary ideal contained in M. In 
some cases Io( M} = M and we say then that M contains no nontrivial 
closed primary ideals. Such is the case if B = C(T) (trivial) and also if 
B = A(T) (Theorem VI.4.11°). On the other hand, if B = C"(T) with 
n > 1, the maximal ideal {f : f(to) = 0} contains the nontrivial closed 


primary ideal {f : f(to) = f'(to) = 0}. 


5.9 DEFINITION: A semisimple Banach algebra B satisfies condition 
(D) at M € M if, for any z € M there exists a sequence {£n} C Ip(M) 
such that rz, — x in B. We say that B satisfies the condition (D) if B 
satisfies (D) at every M € WM. 


If B satisfies condition (D) at M € M, M contains no nontrivial 
closed primary ideal since To( M} is dense in M. It is not known if 
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the condition that M contains no nontrivial closed primary ideals is 
sufficient to imply (D) or not; however, if we know that there exists a 
constant K such that for every neighborhood U of M there exists y € B 
such that ||y|| < A, y has its support in U and ĝ = 1 in some (smaller) 
neighborhood of M, then we can deduce (D) from (M) = M. For 
xz € M let zn € Io( M) such that zn — x. Let Un be a neighborhood of 
M such that z, = 0 on Un, and let y„ € B such that ||y,|| < K, yn = 0 
outside U,, and yn = 1 near M. Put tn = 1 — yn. We have zn € Ip(M), 
T — TEn = LYn = (E — Zn) Yn (Since Zn Yn = 0), and 

(Œ= 2n)Yn || < Klle = zn|| > 0. < 


5.10 Lemma. Let B be a regular semisimple Banach algebra satisfy- 
ing condition (D) at My € IN. Let I be a closed ideal in B and x € Mp. 
Assume that there exists a neighborhood U of Mo such that x € | locally 
at every M € U \ {Mo}. Then x € l locally at Mp. 


PROOF: Let y € B be such that the support of ġ is included in U and 
y = 1 in some neighborhood V of Mo. yx belongs to J locally at every 
M # Mo and yaxx, belongs locally to I everywhere ({z,,} being the 
sequence given by (D); remember that £n = 0 near Mo); hence yzzn € I 
and since zz, — x and T is closed, yr € J. But yz = ĉ in V and the 
lemma follows. < 


Theorem (Ditkin-Shilov). Let B be a semisimple regular Banach 
algebra satisfying (D). Let I be a closed ideal in B and x € k(h(J)) 
such that the intersection of the boundary of h(x) with h(1) contains no 
nontrivial perfect sets. Then x € I. 


PROOF: Denote by N the set of M € M such that z does not belong 
to 7 locally at M. By Theorem 5.7, N c (bdry(h)(x)) O h(I) and 
by the lemma, N has no isolated points; hence N is perfect and since 
(bdry(h)(a:))Mh(7) contains no nontrivial perfects sets, N = @ and z € I. 

< 


Corollary. Under the same assumptions on B; if E C IR is compact 
and its boundary contains no nontrivial perfect subsets, then Iọ( E) = 
k(F). 
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5.11 We have been dealing so far with algebras with a unit element. 
The definitions and most of the results can be extended to algebras 
without a unit element simply by identifying the algebra B as a maxi- 
mal ideal in B @ C. Instead of M we consider its one point compact- 
ification IN and we say that B is regular on M if B ẹ C is regular on 
Mt. This is equivalent to adding to the regularity condition the follow- 
ing regularity at infinity: given M € M, there exists # € B such that 
z(M) = 1 and x has compact support. Similarly, we have to require in 
defining "x belongs locally to 7" not only x € I locally at every M € WM, 
but also x € J at infinity, that is, the existence of some y € l such that 
& = ĝ outside of some compact set. The condition (D) at infinity is: for 
every x € B there exists a sequence z„ € B such that #, are compactly 
supported and wx, — x. 


EXERCISES FOR SECTION 5 
1. Let B be a semisimple Banach algebra, let 71,..., an € B be generators 
for B, and assume that 
= loglle” || a 
S a<, j=1,... n. 


Show that B is regular. 
2. Describe the closed primary ideals of C” (T), n a positive integer. 


6 WIENER’S GENERAL TAUBERIAN THEOREM 


In this section we prove Wiener’s lemma stated in the course of 
the proof of theorem VI.6.1, and Wiener’s general Tauberian theorem. 
These results are obtained as more or less immediate consequences of 
some of the material in the preceding section; it should be kept in mind 
that Wiener’s work preceded, and to some extent motivated, the study 
of general Banach algebras. 


6.1 We start with the analog of Wiener’s lemma for A(T). 


Lemma. Let f, fı € A(T) and assume that f is bounded away from 
zero on the support of fı. Then fif! € A(T). 


PROOF: A(T) is a regular Banach algebra. Denote by 7 the principal 
ideal generated by f; then h(I) = {t: f(t) = 0} is disjoint from the 
support of fı. By corollary 5.7, fı € I, which means fı = gf for some 
g € A(T). Thus fı f7! € A(T) locally and we apply Theorem 5.2. « 


242 AN INTRODUCTION TO HARMONIC ANALYSIS 


6.2 We obtain Wiener’s lemma by showing that A(R) is locally the 
same as A(T). 


Lemma. Lete > 0 and let y be a continuously differentiable function 
supported by (=r + €,7 — £). There exists a constant K depending on 
y such that for all -1 <a < 1, |e*y] am < E. 


PROOF: We clearly have |/e’'y||~1;7) bounded, and the A(T) norm is 
majorized by the C1(T) norm. < 


Theorem. Let f be a continuous function carried by (—x + €,7 — €). 
Then 


fiad <> Sfl <oe 


PROOF: Let y € C? be carried by (—r + £/2,r — £/2)}, and w(t) = 1 
on (—x + e,m — £). Assume that Y| f(n)| < œ; then f € A(T); hence 
fey € A(T) and || fela < K\|flla@ for -1 < a <1. Now 
fet = fe’ and its A(T) norm is (1/27) Y| f(n—a)]. Integrating the 


inequality . . 
Dilin- o) SKS NF (m)| 


on 0 < a < 1, we obtain 
fli@lesK Diem, 


Conversely, if we assume that [| f(é)|dé = Effin —a)|da < œ 
it follows from Fubini’s theorem that for almost all a, 0 < a < 1, 
S“|f(n—a)| < 00, which means e*t! f € A(T). As in the first part of the 
proof this implies e’' fe~*'y = f € A(T) and X| f(n). < 


Corollary. Identifying T with (—1, 7], a function f defined in a neigh- 
borhood of to € T belongs to A(T) locally at ty if, and only if, it belongs 
to A(R) at to. 


6.3 Lemma (Wiener’s lemma). Let f and fı € A(R) be such that 
the support of fı is compact and f is bounded away from zero on it. 
Then fı = gf with g € A(R). 


PROOF: Without loss of generality we assume that the support of fı is 
included in (—2,2). Replacing f by fy, where y € A(R), y = 1 on 
(—2,2) and y = 0 outside of (—3,3), it follows from Lemma 6.1 that 
g = fif~* € A(T); hence, by Theorem 6.2, g € A(R). < 
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6.4 Theorem (Wiener’s general Tauberian theorem). Let f € 
A(R) and assume f(€) # 0 fer all € € R. Then f is contained in no 
proper closed ideal of A(R). 


PROOF: By Lemma 6.2 it follows that if fı € A(R) has compact sup- 
port, then f:/f € A(R), that is, fı belongs to (f) (the principal ideal 
generated by f). By theorem VI.1.12, (f) is dense in A(R) and the 
proof is complete. < 


Instead of considering principal ideals, one may consider any closed 
ideal I. If for every £ € R, there exists f € J such that f (£) 4 0, then 
I = A(R). As a corollary we obtain again that all maximal ideals in 


A(R) have the form {f :f(&) = 0} for some & € R. We leave the 
details to the reader. 


6.5 The Tauberian character of Theorem 6.4 may not be obvious at 
first glance. A Tauberian theorem is a theorem that indicates condi- 
tions under which some form of summability implies convergence or, 
more generally, another form of summability. The first such theorem 
was proved by Tauber and stated that if lim,—.j-9 Xpo anx” = A and 
an = o(1/n), then X` an = A. Hardy and Littlewood, who introduced 
the term "Tauberian theorem,” improved Tauber’s result by showing 
that Tauber’s condition a, = o(1/n) can be replaced by the weaker 
an = O(1/n), an improvement that is a great deal deeper and harder 
than Tauber’s rather elementary result. Wiener’s original statement of 
Theorem 6.4 was much more clearly Tauberian: 


Theorem (Wiener’s general Tauberian theorem). Let Kı € L'(R) 
and f € L (IR). Assume K(£) 4 0 for all £ € R and 


(6.1) im [Kite — y)fly)dy = A | Ky(o)de. 
Then 
(6.2) lim [Kale a) flu)dy=A | Kolejde. 


for all Ky € L*(R). 


Remark. If f(x) tends to a limit when x — oo then (6.1) is clearly 
satisfied with A = lim,_,., f(z). (6.1) states that f(x) tends to the limit 
A in the mean with respect to the kernel Kı; the theorem states that 
the existence of the limit with respect to the mean Ay implies that of 
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the limit with respect to any mean Kə, provided Kı never vanishes. 
We refer to [27], chapter 3, for examples of derivations of "concrete" 
Tauberian theorems from theorem 6.5. 


PROOF OF THEOREM 6.5: Denote by J the subset of L+ (IR) of functions 
Ko satisfying (6.2). I is clearly a linear subspace, invariant under trans- 
lation and closed in the Z'(IR) norm, that is, a closed ideal in Z! (R). 
Since K, € J, it follows from Theorem 6.4 that J = L'(R) and the 
proof is complete. < 


7 SPECTRAL SYNTHESIS IN REGULAR ALGEBRAS 


Let B be a semisimple regular Banach algebra with a unitt. Denote 
by M its maximal ideal space and by B* its dual. 


7.1 DEFINITION: A functional v € B* vanishes on an open set O if 
(x,v) = 0 for every x € B such that the support of £ is contained in O. 


Lemma. [fv € B* vanishes on the open sets O and Oə then v van- 
ishes on Oy U Ov. 


PROOF: Let x € B and assume that the support of ĉ is contained in 
O; UO». Denote by Oz the complement in M of the support of £ and let 
Êj, j = 1,2,3 be a partition of unity in B subordinate to O;, j =1,2,3. 
Then z = ry) + zyz and (z, v) = (xpi, V} + (xpe,v) = 0, since ryg = 0 
and ay, has its support in O;. < 


From the lemma it follows immediately that if v € B* vanishes on 
every set in some finite collection of open sets it vanishes also on their 
union; and since Wt is compact the same holds for arbitrary unions. The 
union of all the open sets on which v vanishes is the largest set having 
this property and we define the support, (v), of v as the complement 
of this set (compare with VI.4). 


7.2 For M € M we denote by òm the multiplicative linear functional 
associated with M, (z,d.4) = &(M); thus ôw is naturally identifiable 
with the measure of mass 1 concentrated at M. 

DEFINITION: A functional v € B* admits spectral synthesis if v be- 
longs to the weak-star closure of the span in B* of {ðm} ye Sw) 


İThe standing assumption 1 € B is introduced for convenience only. Tt is not essential 
and the reader is urged to extend the notions and results to the case 1 ¢ B. 
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Since the subspace of B orthogonal to the span of {ôm } re Xv) is 
precisely the set of all x € B such that #(M) = 0 for all M € S(v), that 
is, the ideal k(X(v)), we see, using the Hahn-Banach theorem as we did 
in VI.6, that v admits spectral synthesis if, and only if, it is orthogonal 
tok(X(v)). 


7.3 It seems natural to define a set of spectral synthesis as a set E 
having the property that every v € B* such that X(v} = E admits 
spectral synthesis. If M is very large, however, there may be sets Æ 
which are the support of no v € B* and we prefer to introduce the 
following. 


DEFINITION: A closed set E C M is a set of spectral synthesis if 
every v € B* such that }(v) c E is orthogonal to k( £). 

This condition implies in particular that if S(r} = E then v admits 
spectral synthesis. 

It is clear that the condition X(v) c E is equivalent to the condition 
that v be orthogonal to [p(£). The condition that E is of spectral syn- 
thesis is therefore equivalent to requiring that every v € B* which is 
orthogonal to Jo( £) be also orthogonal to k(#). By the Hahn-Banach 
theorem this means I(E) = k(E£). Thus: E is of spectral synthesis if 
and only if To( Æ} is dense in k(£). We restate Corollary 5.10 as: 


Theorem. Assume that B satisfies (D) and let E C IR be closed and 
its boundary contain no perfect subsets. Then E is of spectral synthesis. 


7.4 In some cases every closed E C M is of spectral synthesis and 
we say that spectral synthesis is possible in B. Spectral synthesis is 
possible if B = C(X), X a compact Hausdorff space. Another class of 
examples is given by Theorem 7.3: B satisfying (D) with 9% contain- 
ing no perfect subsets. In particular, if G is a discrete abelian group and 
B = A(G) (to which we formally add a unit if we want to remain within 
our standing assumptions), then (D) is satisfied and Mt contains no per- 
fect subsets. It follows that for discrete G spectral synthesis holds in 
A(G). We devote the rest of this section to prove: 


Theorem (Malliavin). If G is anondiscrete LCA group then spectral 
synthesis fails for A(G). 


The construction is somewhat simpler technically in the case G = D 
than in the general case and we do it there. For a nondiscrete LCA 
group G, a Cantor set E on G is a compact set for which there exists 
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a sequence {r;} C G such that the finite sums )7y'<jr;, £; = 0,1, are 
all distinct and form a dense subset of E. The construction we give 
below can be adapted to show that every Cantor set of G contains a 
subset which is not of spectral synthesis for A(G). Notice that every 
nondiscrete LCA group has Cantor subsets. We mention, finally, that 
for G = R” with n > 3, any sphere is an example of a set which is 
not of spectral synthesis; this was shown by L. Schwartz (some eleven 
years before the general case was settled). 


7.5 We state the principle on which our construction depends in the 
general setting of this section, that is, for a semisimple regular Banach 
algebra with a unit. For typographical simplicity we identify B and B 
and use the letters f, g and so on, for elements of B. We remind the 
reader that the dual B* is canonically a B module. 


Theorem. Let f € B and u € B*, p 4 0, and denote 


(7.1) C(u) = llei ul 


Bt. 
Assume that for an integer N > 1 

(7.2) J C(u)|ul du < oc. 

Then there exists a real value ay such that fo = ao + f has the property 


that the closed ideals generated by fj, n =1,...,N +1 are all distinct. 


PROOF: We begin with two remarks. 
First: There is no loss of generality assuming that (1, js) 4 0. In fact 
for some h € B (h, p) = (1, hp} 4 0 and since 


le hulls < lhl le n] 


B*,; 


(7.2) remains valid if we replace u by hy. 

Second: Write ®(u) = (ey); then |6(u)| < C(u) € L(R), 
(u) is continuous and 6(0) = (1, u) 4 0. It follows that (£) is well 
defined and is not identically zero so that there exists a real number ag 
for which 6(—ao) 4 0. This is the ap we are looking for (as we shall 
see) and again we may simplify the typography by assuming ay = 0; 
we simply replace f by ag + f and notice that et!) = eivaoeiuf go 
that || 0P ulg = |e ulle. Thus we assume 


(7.3) T (Le p\du #0 
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For p < N the B*-valued integral 


(1.4) Anion) =f Pedu 


is well defined since the integrand is continuous and, by (7.2), norm 
integrable. 
Let q > 0 be an integer, gı € B and consider 


ROO 


(7.5) Tyg = (ni f", Aplf u) = f (gift, e uy (iu) du. 


-D 


Integrating (7.5) by parts we obtain 


Ipa = —Plp-1.q-1 ifp > 0, q>0, 


I 


(7.6) . 
pq = 9 ifp=0, g>0. 


It follows that if q > p we have Ip = 0 no matter what is gı € B. In 

other words, A,(f, 4) is orthogonal to the ideal generated by f?T". 
Now, using (7.6) with p = q, gı = 1, we obtain 

OD PADD] eud 


by (7.3). Thus f? does not belong to the closed ideal generated by f?*+ 
and the proof is complete. « 


Corollary. The sets f~'(0) and S(p) O f7'(0) are not sets of spectral 
synthesis. 


PROOF: The hull of the ideal generated by f? is f—1(0). Since we found 
distinct closed ideals having f—'(0) as hull, f~!(0) is not of spectral 
synthesis. The fact that A,( f, u) is orthogonal to the ideal generated by 
f?*' implies (see Corollary 5.7) that D(A,(f, )) € f7'(0). 

For g € B we have 


78) (AD) f gelidas [ (geil u)(iu)a 


so that if the support of g is disjoint from X(x) then (g, Ap(f, u) = 0. 
This means that H(A,(f, 4) C E(u); hence 


(7.9) E(A (f, 1) CB) N f0). < 
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7.6 Inthe case B = A(ID) we show that u and f can be chosen so that 
C(u), defined by (7.1), goes to zero faster than any (negative) power 
of |u|. We can take as u simply the Haar measure of D and we shall 
have f quite explicitly too, but before describing it we make a few 
observations. 

We identify the elements of D as sequences {£n}, €n = 0,1, the 
group operation being addition mod 2. Functions on D are functions 
of the infinitely many variables <,, n = 1,2,.... Denote by £m the 
element in D all of whose coordinates except the mth are zero. De- 
note by Em the subgroup of D generated by x2,,_, and zəm, that is, 
{0, Zam—1, L2m,T2m—1 + Lam}. Denote by Hm the measure having the 
mass 1/4 at each of the points of Em. Hm is the Haar measure on Em 
and one checks easily that the convolutions j11 *--- * un converge in the 
weak-star topology of measures to the Haar measure u of D. We write 
this formally as u = [ [Ñ *Hm. 


Lemma. Let FE, = {21,..., £p} and Fy = {y1,...,y,} be finite sets on 
a group G. Let E = E, + Ey = {tp + Yq, p=l,....k, q= 1,...,l} and 
assume that E has kl points. Let hy and hg be functions on E such that 
hi (tp + Yq) = gı (2p) and hə(tp + Yq) = golyq). Then, if Um is a measure 
carried by Em, m = 1,2, 


(7.10) hy ho(pa * p2) = (g1 u1) * (gopa). 


PROOF: Both sides of equation (7.10) are carried by E and have the 
mass 91 (£p)92(Yq)ta {2p} n2 ({Ya)) at £p + Yq: < 


The lemma can be generalized either by induction or by direct ver- 
ification to sums of N sets Em. The flaw in notation of denoting by 
Em first specific sets and then, in the lemma, variable sets (and simi- 
larly for u) is forgivable in view of the fact that we use the lemma pre- 
cisely for the sets Em, and the measures um, introduced above. Thus, 
if hm, m = 1,2,... are functions on D and if Am depends only on the 
variables <9,,_1 and £2m, we have 


N 
(7.11) (I hm) uix tn = (Aap) «+++ x (Awe). 
1 


We shall have f = So an%m with ym € A(D), Ym depending only on the 
variables €2,,-1 and £2m, and the series convergent in the A(D) norm. 
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Using (7.11) and taking weak-star limits, we obtain the convenient for- 
mula: 


(7.12) l= II (eta Pr ty), 
1 


We recall that the norm of a measure in A(D)* is the supremum of its 
Fourier transform, and that the Fourier transform of a convolution is the 
product of the transforms of the factors; thus we obtain 


CO 


(7.13) le ullao < [ lle"? em lla@y- 
1 


The functions Ym are defined by: 


(7.14) pla) = £2m1£9m forz = {e;}. 


If we denote by £m the character on D defined by 


(7.15) < T, Êm >= (1) for x = {e;}, 
then 
(7.16) Qm = (1 + fam—1€9m = E2m—1 = fom) 


so that ym € A(D), and ||~m||a@) = 1. 
The Fourier transform of the measure e***™ um, can be computed 
explicitly: if € = {¢;} € D then 


J <T, > ePm) dum(z) = 
— (1+ (-l)er i ( 1)S2m À 1) mitm), 


(7.17) 


which assumes only the three values: 2#2—, 1=2~, 1a, It follows 
that if |a — r| < 7/3 mod 27, then 


(7.18) He’? umla < 3, 


Theorem. Denote the Haar measure on D by u. There exists a real- 
valued function f € A(D) such that, as |u| > œ, C(u) = le"? ullam» 
vanishes faster than anv power of |ul. 
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PROOF: Let {N} be a sequence of integers such that Y N;,2~* < oo. 
Write am = 7/3-2-! for SY + Ni <m< Si N;. We clearly have 
Vam = (27/3) > N27" < œ, so that writing f = Y amẹpm as in 
(7.14), we have f € A(D). For 2* < u < 2**! we have 27/3 < uam < 
4r /3 for the Ny values of m such that am = 7/3-2*—!. For these values 
it follows from (7.18) that 


iam Pm 


ile Lm|la@)* < 3 


and consequently, using (7.13), 
(7.19) C(u) < | fle?" umla < G 
1 
since all the factors in (7.19) are bounded by 1 and at least Ng of them 


by 3. If we take Ny = 2*k~? we obtain C(u) < (3)"!°8" " for u > 00, 
and since for real-valued f, C(—u) = C(u), the proof is complete. < 


Corollary. There exists a real-valued f € A(D) such that the closed 
ideals generated by f”, n=1,2,..., are all distinct. 


EXERCISES FOR SECTION 7 


1. Prove that for every function a(u) such that u~ta(u) is monotonic and 
S>2-*a(2*) < oo , there exists a real-valued function f € A(D) for which 
C(u) =O (e7200), 

2. Denote by Ba, 0 < a < 1, the algebras obtained from A(D) and C(D) 
by the interpolation procedure described in IV.1. Show that spectral synthesis 
fails in Ba. 


8 FUNCTIONS THAT OPERATE IN REGULAR 
BANACH ALGEBRAS 


8.1 We again consider regular semisimple Banach algebras with unit. 


DEFINITION: A function F, defined in a set Q in the complex plane, 
operates in B if F(Z) € Ê for every ĉ € Ê whose range is included in 
Q. The study of functions that operate in B is also called the symbolic 
calculus in B. Theorem 3.9 can be stated as: a function F defined 
and analytic in an open set Q operates in (any) B. Saying that B is 
self-adjoint is equivalent to saying that F(z) = Z operates in B. If B 
is self-adjoint and regular, we can prove Theorem 3.9 and a great deal 
more without the use of Cauchy’s integral formula. We first prove: 
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Lemma. Let B be a regular, self-adjoint Banach algebra with maxi- 
mal ideal space W. Let My € IM and let U be a neighborhood of Mo. 
Then there exists an element e € B such that é has its support within U, 
ê= 1 on some neighborhood V of Mo and 0 <é€<1onM. 


PROOF: By the regularity of B there exists an x € B such that ĉ has 
its support in U and ĉ = 1 in some neighborhood V of My. Take ê = 
sin? 72/2. (Notice that sin? 7#%/2 is well defined by means of power 
series.) < 


Theorem. Let x € B and let f be a continuous function on I such 
that in a neighborhood of each Mo € IN, f can be written as F(z), 
where F( = F(€ + in) is real-analytic in € and in a neighborhood 
of &(Mo). Then f € B. 


Remark: The two points in which this result is more general than The- 
orem 3.9 are: 

(a) We allow real-analytic functions. 

(b) We allow many-valued functions (provided F(2(M}) can be de- 
fined as a continuous function.) 


PROOF: We show that f(M) € B locally at every point. Let My € M, 
x € B, and F such that f = F(Z) in a neighborhood Up of Mo. Re- 
placing x by x — ê( Mo) and F(¢) by F(¢ — #(mo)), we may assume 
that 2( Mo) = 0, and that near zero, say for |£| < 1, |n| < 1, we have 
F(E+ in) = E an mé". 

Let U C Upo be a neighborhood of Mo such that |2(M)| < $ in U, let 
ê € B have the properties listed in the lemma and write 7] = R(êĉ) = 
3(é% + êĉ) and 7 = S(êĉ). By Lemma 3.6 the series X an ,27 23" 
converges in B and we denote y = X` an, m£ £3; then 9( M) = F(a(M)) 
in V. < 


8.2 Itis not hard to see that operation by analytic (or real-analytic) 
functions, even in the setup of Theorem 8.1 which allows many valued 
functions, is continuous. This follows from the (local) power series 
expansion. There is no reason to assume, however, that whenever a 
function F operates in a regular semisimple algebra B, the operation is 
continuous (see exercise 2 at end of this section). Still, the regularity 
of B makes it easy to "condense singularities" which allows us to show 
that the "bad" behavior of the operation is localized on M to the neigh- 
borhood of a finite set. The notions, arguments, and results that follow 
are typical of regular algebras. 
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8.3 We assume that B is self-adjoint, regular, and with a unit, and we 
assume for simplicity that F is a continuous function, defined on the 
real line, and operates in B. 


DEFINITION: F operates boundedly if there exist constants £ > 0 and 
K > 0 such that if #(M/) is real valued and ||z|| < £, then’ || F(x)|| < K. 
F operates boundedly at M € M, if there exists a neighborhood Uj, 
of M and constants £ > 0 and K > 0 such that if the support of ĉ is 
contained in Uw and ||z|| <<, then ||F(2)}|| < K. 


Lemma. F operates boundedly if, and only if, it operates boundedly 
at every M €E W. 


PROOF: Replacing F by F — F(0) we may assume F (0) = 0. It is clear 
that if F operates boundedly, it does so locally at each M. Assume that 
the operation is bounded locally, and pick Mı, Mo,..., Mn such that the 
corresponding neighborhoods Um, ,.-., Um, cover IN. Let Vi,..., Vn 
be open sets such that V; C Um; and such that {Vj} cover M. Let 
Y; € B be real valued with support inside U. m, and y; = 1 on Vj, 
and let {y;} be a partition of the unity in B relative to {Vj}. Let £; 
and K; be the constants corresponding to Uwm, and now take £ > 0 so 
that |lew,|| < z; for all j, and K = X K,||y;\|.. Assume that ê € Ê 
is real valued and ||z|| < £; then |êy;]| < lêlllly;i| < c; and ĉp; is 
supported by Uy,,, hence ||F(#y;)|| < Kj. But F(2) = SJ y;F(y;) so 
that |P) < Zll; = K. < 


8.4 Lemma. Let B be a regular, self-adjoint Banach algebra and F 
a function defined on the real line and operating in B. Then there exists 
at most a finite number of points of W at which F does not operate 
boundedly. 


PROOF: Again we assume, with no loss of generality, that F(0) = 0. 
Assume that F operates unboundedly at infinitely many points in M and 
pick a sequence of such points { M; } having pairwise disjoint neighbor- 
hoods V;. We now pick a neighborhood W; of M; such that W; C Vj. 
Saying that F does not operate boundedly at M; means that, given any 
neighborhood W; of M; and any constants e; > 0 and K; > 0, there 
exists a real-valued f; € Ê carried by W; such that ||f;|| < j, and 
|F(f;)|| = Kj. We take e; = 2-7 and K; = 2/||y,||, where y; € B is 
carried by V; and y; = 1 on W;. We now consider f = J` f; and F(f). 


+We denote by F(x) the element in B whose Gelfand transform is F (ê). 
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By the choice of £; the series defining f converges and consequently 
f © Band F(f) € B. Now 


1 1 
IFO > Jo PEO! = lE) 2 2’ for all j, 
vy lezl 
which gives the desired contradiction. < 


8.5 For some Banach algebras, Lemma 8.4 takes us as far as we can 
go; for others it can be improved. Consider, for instance, an automor- 
phism o of B inducing the change of variables o on M. If f € Ê, then 
F(of) = F(f(oM)) = o(F(f)), which means that the operations by 
F (on the function) and by o (on the variables) commute. Since ø is 
a bounded, invertible operator, it follows that / operates boundedly at 
a point M € M if and only if it operates boundedly at oM. From this 
remark and Lemma 8.4 it follows that if F does not operate boundedly 
at M € M, the set of images of M under all the automorphisms of B 
is finite. In particular, if for every M € M the set {oM}, o ranging 
over all the automorphisms of B, is infinite, then every function that 
operates in B does so boundedly at every M € M, and consequently, 
operates boundedly. In particular: 


Theorem. Let G be a compact abelian group and F a continuous 
function defined on the real line. If F operates in A(G), it does so 
boundedly. 


PROOF: The maximal ideal space of A(G} is G. For every y € G the 
mapping f + fyt is an automorphism of A(G) which carries the max- 
imal ideal corresponding to y to that corresponding to 0 € G. If G is 
infinite the statement of the theorem follows from the discussion above. 
If G is finite the operation by F' is clearly continuous. < 


Remark: Since the operation of a function on a Banach algebra is 
not linear, we cannot usually deduce continuity from boundedness, nor 
boundedness in one ball in B from boundedness in another (see exer- 
cise 3 at the end of this section). 


8.6 For some algebras Theorem 8.1 is far from being sharp. For in- 
stance, if B = C(M) every continuous function operates in B; if B = 
C” (T) every n-times continuously differentiable function operates. For 


 fy(@) = f(e — y). 
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group algebras of infinite LCA groups Theorem 8.1 is sharp. We shall 
prove now that for the algebra B = A(T), only analytic functions oper- 
ate. This is a special case of the following: 


Theorem. Let G be a nondiscrete LCA group and let F be a function 
defined on an interval I of the real line. Assume that F operates in 
A(G). Then F is analytic on I. 


Remark: If Gis not compact, one of our standing assumptions, namely 
1 € B, is not satisfied. Since in this case all the functions in A(G) tend 
to zero at infinity, we have to add to the statement of the theorem the 
assumption 0 € J since otherwise every function defined on J operates 
trivially (the condition of operation being void). The theorem can be 
extended to infinite discrete groups: we have to assume 0 € I (since 
discrete and compact implies finite) and the conclusion is that F is an- 
alytic at zero (see exercise | at the end of this section). As mentioned 
above we prove the theorem for G = T; the proof of the general case 
runs along the same lines (see [24], chapter 6). 


PROOF OF THE THEOREM (G = T): Let b be an interior point of J and 
consider the function Fi (x) = F(x +b). F, is defined on I — b and 
clearly operates in A(T). If we prove that F(x) is analytic at x = 0 it 
would follow that F(x) is analytic at b, so that, in order to prove that 
F is analytic at every interior point of I we may assume 0 € int(J) 
and prove the analyticity of F at 0. Once we know that functions that 
operate are necessarily analytic at the interior points of J we obtain 
the analyticity at the endpoints as follows (we assume, for simplicity, 
that J = [0,1] and we prove that F(x) is analytic at x = 0): consider 
F(x) = F(a"). F is defined on [—1,1] and clearly operates in A(T) so 
that near x = 0, F(x) = >> bjx. Now, since F\(x) = F(x?) is even, 
byj-1 = 0 for all j, so that Fi (x) = X bəjx” and F(x) = >> baja). The 
proof will therefore be complete if, assuming 0 € int(/), we prove that 
F is analytic at 0. 

By Theorem 8.5, F operates boundedly which means that there exist 
constants £ > 0 and K > 0 such that if f € A(T) is real valued and 
IfI < £, then ||F(f)|| < K. Pick a > 0 so small that (i) [—a,a] c J, 
and (ii) ac < £, and consider F\(x) = F(asinx). By (i), Fi is well 
defined and it clearly is 27-periodic and operates in A(T). Now if f € 
A(T) is real valued and ||f|| < 5, then asin f is real-valued, and by (ii), 
jasin f|| < £ so that |A (I| < K. 
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In particular, if y € A(T), ||| < 1,7 € R, |r| < 7, then 
(8.1) (err) < K 
Now asin z € A(T); hence F, € A(T) and we can write 
(8.2) Fy(a) = X Ane’; 


in particular, F is continuous. For real-valued f € A(T), Fi (f) € A(T) 
and therefore can be written as 


(8.3) Ff) =X an, Dlan < ce 
Since F, is uniformly continuous on R it follows that 
. 1 Lin 
an(f)= z | AUO dt 
T 


depends continuously on f and therefore, for each N, the mapping 
N . 

(8.4) fo DCA E Ci 
-N 


is continuous from the real functions in A(T} into A(T}. We conclude 
from (8.3) that Fı(f} is a pointwise limit of continuous functions on 
A(T), that is, is a Baire function on A(T), and in particular: Fi (y + T) 
considered as a function of r on [—7, 7] is a measurable vector-valued 
function which is bounded by K if ||y|| < 1. It follows that 


1 f . 
(8.5) [ý [ Ales erar] <x: 
T 
however, 
1 f . ; 
(8.6) mn J Fi(ptrje dr = Ane”? , 
T t 


as can be checked by evaluating both sides of (8.6) for every t € T, and 
we rewrite (8.5) as 


(8.5) [Ane] < K. 
Let us write 


(8.7) N (u) = SUP freat, [fleu le lao; 
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then it follows from (8.5’) that 
(8.8) [An] < K(N(n)) 


and if we show that N (u) grows exponentially with u, it would follow 
that (8.2) converges not only on the real axis, but in a strip around it, so 
that F; is analytic on R and, finally, F is analytic at 0. All that we need 
in order to complete the proof is: 


Lemma. Let N (u) be defined by (8.7). Then 
(8.9) N (u) = e". 


PROOF: It is clear from the power series expansion of e’/ that for any 
Banach algebra 
N(u) < e. 


The proof that, for A(T), M(u) > e” is based on the following two 
remarks: 
(a) Let f,g € A(T), then 


(8.10) IIFOgOA) || > IFI as A > æ 


(à being integer). We prove (8.10) by noticing that if f is a trigono- 
metric polynomial and à is greater than twice the degree of f then 
|FfHaAH| = IFI \lgll. For arbitrary f € A(T) and £ > 0 we write 
f = fit fe where fı is a trigonometric polynomial and || f2||_< ell f ||- If 
\/2 is greater than the degree of fı we have 


LEOID 2 AGH gAO|| — MOIHI 2 A — 2e) IF ll lgl 
(b) If a is positive, then et% °t = 1+iacost+... so that 


(8.11) Jef" Lay = Lat O(o’). 


Let u > 0; we pick a large N and write f = S>(u/N) cos \;¢ where the 
A;’s increase fast enough to ensure 


1 N 
> x) II 


f is clearly real valued, ||f|| = u, and, by (8.11) and (8.12), 


le" > (1-4) +% +04) > ase" 


if N is large enough. < 


eilu/N) cos t 


N 
(8.12) | Jp eime 
j=l 
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This completes the proof of the theorem (for G = T). 

The lemma is not accidental: the exponential growth of N (u) is the 
real reason for the validity of the theorem. The function as defined 
by (8.7) can be considered for any Banach algebra B and if, for some 
B, N(u) does not have exponential growth at infinity, then there exist 
nonanalytic functions which operate in B. As an example we can take 
any F(x) = > Anet”? such that A, does not vanish exponentially as 
|u| — œ but such that for all k > 0, Y AnN(k|n|} < œ; F operates 
in B since for any real-valued f € B, F(f) = Y Ane’! and the series 
converges in norm. 


8.7 We finish this section with some remarks concerning the so-called 
“individual symbolic calculus” in regular semisimple Banach algebras. 
Inasmuch as "symbolic calculus" is the study of functions that operate 
in an algebra and of their mode of operation, individual symbolic cal- 
culus is the study of the functions that operate on a fixed element in 
the algebra. Let us be more precise. We consider a regular, semisimple 
Banach algebra (identify it with its Gelfand transform) and say that a 
function F operates on an element f € B if the domain of F contains 
the range of f and F(f) € B. It is clear that a function F operates in 
B if it operates on every f € B with range contained in the domain 
of F. It is also clear that for each fixed f € B, the set of functions 
that operate on f is a function algebra on the range of f; we denote 
this algebra by [f]. For F € [f] we write ||F ||, = ||F(/) || and with 
this norm |f] is a normed algebra. If we denote by ||f]] the subalge- 
bra of B consisting of the elements F(f), F € |f], it is clear that the 
correspondence F << F(f) is an isometry of [f] onto [[f]]. Since [[f]] 
consists of all g € B which respect the level lines of f (i.e., such that 
f(AG) = f( Me) => 9(Mi = g(M2)), [Lf] and [f] are Banach algebras. 
We say that [[f]] is the subalgebra generated formally by f; it clearly 
contains the subalgebra generated by f (which corresponds to the clo- 
sure of the polynomials in [/]). 

It should be noted that the "concrete" algebra [f] depends on f more 
than |[f]]. The latter depends only on the level lines of f and is the 
same, for example, if we replace a real-valued f by f?. Even if the 
ranges of f and f? are the same we usually have [f] # [f°]. 

If f is real valued, [f] always contains non-analytic functions. In 
fact, since ||e’/ ||, = 1, it follows from Lemma 3.6 that 


lim |e A= 1 


NCO 
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so that there exists a sequence {A,,} that does not vanish exponentially 
such that X` Anet”? converges in norm; hence F(z) = >> Ape”? be- 
longs to |f]. The fact that {.4,,} does not vanish exponentially implies 
that F(x) is not analytic on the entire real line but it can still be analytic 
on portions thereof which may contain the range of f. So we impose 
the additional condition that A,, = 0 unless n = m!,m = 1,2,..., which 
implies that 5> A,,e’”* is analytic nowhere on R. 


8.8 Individual symbolic calculus is related to the problem of spectral 
synthesis in B. Assume for instance that the range of f is [—1,1] and 
that [f] c C™([-1,1]), m > 1. Since in C™, F(x) = a does not belong 
to the ideal generated by x, and since (Theorem 4.1) the imbedding of 
[f] in C™ is continuous, f does not belong to the ideal generated by f? 
in [[f]|. This does not mean a-priori that the same is true in B. We do 
have a linear functional v on |[f]] which is orthogonal to (f°) and such 
that (f,v) # 0 and we can extend it by the Hahn-Banach theorem to a 
functional on B; there is no reason, however, to expect that the support 
of the extended functional should always be contained in f~'(0). If v 
can be extended to B with S(r) c f—1(0), spectral synthesis fails in B. 

Going back to C” one identifies immediately a functional orthog- 
onal to the ideal generated by x? but not to z; for instance, 6’, the 
derivative (in the sense of the theory of distributions) of the point mass 
at zero, which assigns to every F € C™ the value of its derivative at 
the origin. In [[f]] the corresponding functional can be denoted by 
5’(f) and remembering that the Fourier transform of 6’ is 5’(u) = ~iu 
one may try to extend 6’(f) to B using the Fourier inversion formula 
(Ff) = + fliu)jetfdu. Strictly speaking this is meaningless, but it 
provided the motivation for Theorem 7.5. 


EXERCISES FOR SECTION 8 


1. Let B be a semisimple Banach algebra without unit and with discrete 
maximal ideal space. Show that every function F analytic near zero and satis- 
fying F(0) = 0, operates in B. 

2. As in chapter I, Lip, (T) denotes the subalgebra of C(T) consisting of the 


functions f satisfying sup, -443 | Mei) | < 00, 


(a) Find the functions that operate in Lip, (T). 


(b) Show that every function which operates in Lip,(T) is bounded in every 
ball. 


(c) Show that F(x) = |x| does not operate continuously at f = sin t. 
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3. Assume that F is defined on R and operates in A(T). Assume that for 
every r > 0 there exists K = K(r) such that if f is real-valued and ||f|| < r, 
then || F'(f)|| < (7). Show that F is the restriction to R of an entire function. 

4. Let B be a regular, semisimple, self-adjoint Banach algebra with a unit. 
Assume that F(a) = Jel operates boundedly in B. Prove that B = C(M). 
Hint: Use Theorem 3.8. 

5. Use the construction of section 7 to show that for the algebra B = A(D), 
N (u) has exponential growth at infinity; hence prove Theorem 8.6 for the case 
G=D. 

6. Let a(u) be a positive function, 0 < u < oo, such that a(u) < 5 and 


2 
a(u) — 0 as u — co. Show that there exists a real-valued f € A(T) such that 


Jet i > evot). 


7. (a) Show that if y(t, T) € A(T’), then for every 7 € T, y-(t) = y(t, 7T), 
considered as a function of t alone, belongs to A(T) and ||v-||aqy < llellacrz 
Furthermore: Y(t) is a continuous A(T)-valued function of 7. 

(b) Prove: for every function a(u) as in exercise 6. above, there exists a 
real-valued g € A(T?) whose range contains [—7, 7] and such that if F(x) = 
S Ane!” € [g], then An = O (e720) | 
Hint: Take g(t, T) = f(t)+5sin 7, where f is a function constructed in exercise 
6 above. Apply part (a) and the argument of 8.6. 

(c) Deduce theorem 8.6 for the case G = T? from part (b). 


9 THE ALGEBRA M(T) AND FUNCTIONS THAT OPERATE ON 
FOURIER-STIELTJES COEFFICIENTS 


In this section we study the Banach algebra of measures on a non- 
discrete LCA group. We shall actually be more specific and consider 
M(T); this in order to avoid some (minor) technical difficulties while 
presenting all the basic phenomena of the general case. 


9.1 We have little information so far about the Banach algebra M(T). 
We know that for every n € Z, the mapping u > A(n) is a multiplicative 
linear functional on M (T); this identifies Z as part of the maximal ideal 
space IN of M(T)}. How big a part of IN is Z? We have one negative 
indication: since M is compact the range of every à on IM is compact 
and therefore contains the closure of the sequence {ji(n)},¢z, which 
may well be uncountable (e.g., if A(n) = cosn, n € Z). Thus % is 
uncountable and is therefore much bigger than Z. But we also have a 
positive indication: a measure u is determined by its Fourier-Stieltjes 
coefficients, that is, if & = 0 on Z then u = 0 and therefore & = 0 on M. 
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This proves that M(T)} is semisimple and may suggest the following 
question: 

(a) Is Z dense in M? 
Other natural questions are: 

(b) Is M(T) regular? 

(c) ls M(T) self-adjoint? 


Theorem. There exists a measure tsM(T) such that ji is real valued 
on Z but is not real valued on I. 


Corollary. The answer to all three questions above is "no." 


PROOF: Itis clear that the theorem implies that Z is not dense in M. If 
M €M is not in the closure of Z, there is no u € A¢(T) such that à = 0 
on Z while f(M) # 0 (since & = 0 on Z implies u = 0); so M(T) is 
not regular. Finally: if u is a measure with real-valued Fourier-Stieltjes 
coefficients and if for some v € M(T), © = fi on IN, we have ô = fi on 
Z, hence v = p and ~ = Ê on M which means that fi is real valued on W. 
Thus, if u has the properties described in the theorem, then & ¢ M(T). 

< 


9.2 In the proof of Theorem 9.1 we shall need 


Lemma. Let G, and G» be disjoint! subgroups of T and let E; C 
G;, j = 1,2, be compact. Let u; be carried by E;, j = 1,2. Then 


(9.1) laa * Hall cay = la llu llela- 
PROOF: Lete > 0 and let p; be continuous on E;, satisfying |p;| < 1 
and f y;du,; > ||u;|| — e. The function y(t + T) = yı(t)p2(7) is well 


defined and continuous on Æ + E» (this is where we use the fact that 
E; are contained in disjoint subgroups) and 


[tan xia) = ff ver rau = f pidm | podu 


which implies ||m * pe] > (leall — €)(IlH2ll — £). < 


+ That is: Gy N G2 = {0}. 
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9.3 PROOF OF 9.1: We construct a measure u € M (T) with real Fourier- 
Stieltjes coefficients and such that 


(9.2) ema 


MT) = e” forn > 0. 


By Lemma 3.6 it follows that the spectral norm of et! is equal to e 
which means that S(A) = —1 somewhere on I. 

Let E be a perfect independent set on T (see VI.9.4). Let v be a 
continuous measure carried by E and v* the symmetric image of v, 
defined by v#(F) = v(—F) for all measurable sets F. v* is clearly 
carried by —E and if we write u = v + v* we have (n) = 2R(0(n)) for 
all n € Z. We claim that for such u 


(9.2’) lle || = ell, 


Let N be a large integer and write E as a union of N disjoint closed 
subsets Æ; such that the norm of the portion of „u carried by E; U — Ej, 
call it j1;, is precisely ||| N~' (Here we use the fact that u is continu- 
ous.) Now e‘i = 6+ ip;+[a measure whose norm is O (N~*)] where 6 
is the identity in M (T), that is, the unit mass concentrated at the origin. 
We have |/d + i; || = 1+ ||u|| N? and 


N N 
e” = Il xei = II «(6 + iuj) + p 
1 1 


where p is a measure whose norm is O (N =t). Since & is independent 
the subsets Æ; generate disjoint subgroups of T and, by Lemma 9.2, 
le || = A+ lel N THY + O(N); as N — œ, (9.2’) follows. It is 
now clear that if we normalize u to have norm 1 and apply (9.2’) to nu 
we have (9.2). < 


Remark: Since the measure u, described above, has norm 1, its spec- 
trum lies in the dise |z| < 1. The only point in the unit disc whose 
imaginary part is -1 is z = —1. It follows that -1 is in the spectrum of ju 
which means that 6 + u? is not invertible. The Fourier-Stieltjes coeffi- 
cients of ô + yw? are 1+ (fi(n))? > 1 (since ju(n) is real-valued) and yet 
(1+(f(n))?)~+ are not the Fourier-Stieltjes coefficients of any measure 
on T. This phenomenon was discovered by Wiener and Pitt. 


9.4 DEFINITION: A function F, defined in some subset of C, oper- 
ates on Fourier-Stieltjes coefficients if {F(ji(n))}nez is a sequence of 
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Fourier-Stieltjes coefficients for every u € M(T) such that {A(n} nez is 
contained in the domain of definition of F. 

Since Z is not the entire maximal ideal space of M(T) there is no 
reason to expect that if F is holomorphic on its domain, it operates 
on Fourier-Stieltjes coefficients; and by the remark above, the function 
defined on R by F(x) = (1+27)~1 does not operate on Fourier-Stieltjes 
coefficients. This is a special case of 


Theorem. Let F be defined in an interval I C R and assume that it 
operates on Fourier-Stieltjes coefficients. Then F is the restriction to I 
of an entire function. 


The theorem can be proved along the same lines as 8.6. The main 
difference is that one shows that if F operates on Fourier-Stieltjes co- 
efficients, the operation is bounded in every ball of A¢(T) (rather than 
some ball, as in the case of A(G)), that is, for all > 0 there exists a 
K = K(r) such that if ||| < r and A(n) € J for all n € Z, then F(fi(n)) 
are the Fourier-Stieltjes coefficients of a measure of norm < K. We 
refer to [24], chapter 6 and to exercises 6 through 9 at the end of this 
section for further details. 


9.5 The individual symbolic calculus on M(T) is also more restrictive 
than an individual symbolic calculus can be in a Banach algebra consid- 
ered as function algebra on the entire maximal ideal space. There exist 
measures u in M (T) with real-valued Fourier-Stieltjes coefficients such 
that every continuous function which operates on u must be the restric- 
tion to R of some function analytic in a disc (see exercise 10 at the end 
of this section). This suggests that portions of the maximal ideal space 
of M(T) may carry analytic structure. 


EXERCISES FOR SECTION 9 


1, Let  € M(T) be such that |je*“|| = el*!ll4!l for all œ € C. Show that 
{u"}, n =0,1,2... are mutually singular. 

2. Let E be a linearly independent compact set on T and let ys be a contin- 
uous measure carried by EU —E. Show that {u”}, n =0,1,2... are mutually 
singular. 

3. Show that if y € M(T), A(n) is real for all n € Z and u” are mutually 
singular for n = 1,2,... then p is continuous. 

4. Deduce Theorem 9.1 from Theorem 9.4. 

5. Let rj,7 = 1,2,... be positive numbers such that r;/rj_1 < } and 


2 
rj/tj-1 > 0 as j > co. Show that y(n) = [[Pcosryn, n € Z are the 
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Fourier-Stieltjes coefficients of a measure js, and that u” are mutually singular, 
n=1,2,.... 
Hint: Show that ifrj;—1/r; > M for all j, then {y:"}*_, are mutually singular. 

6. Let F be continuous on [—1, 1] and F'(0) = 0. Show that the following 
two conditions are equivalent: 

G) If» € M(T), |a| <r and -1 < A(n) < 1 for all n, then {F(ji(n))} 
are the Fourier-Stieltjes coefficients of some measure F'(j:) € M(T) such that 
lF < K. 

(ii) If -1 < an < land P = Y` ane” a polynomial satisfying IPllr <r 
then |X F(an)je™ lzm < K. 

Also show that in (ii) we may add the assumption that the an are rational 
numbers without affecting the equivalence of (i) and (ii). 

7. (For the purpose of this exercise) we say that a measure u contains a 
polynomial P if for appropriate m and M, P(n) = A(m + nM) for all integers 
n which are bounded in absolute value by twice the degree d of P. Notice that 
if u contains P then 


P(Mt) = Va(Mt) x (e*u) 


and consequently ||P\|z1¢) < 2\luIlazcry. Show that there exists a measure u 
with real Fourier-Stieltjes coefficients, ||,.|| < 2, and p contains every polyno- 
mial P with rational coefficients such that ||P||z1¢r) < 1. 

Hint: Show that for every sequence of integers {N; } there exists a sequence of 
integers {A;} such that, writing A; = Ah , and A = U; Aj, every function 
f € Ca (see chapter V for the notation Ca) can be written f = X` fj, with 
fi € Ca and S7||fjllo0 < 2\|flloo. Deduce, using the Hahn-Banach theorem, 
that if the numbers aj, are such that for each j, S ajke || < 1, then 
there exists a measure u € M (T) such that ||ullmer < 2 and A(kàj) = aj, for 
appropriate A; and 1 < k < N;. If the numbers aj, above are real, one can 
replace p by 4 (u+ u”). 

8. Let F be defined and continuous on R and assume that it operates on 
Fourier-Stieltjes coefficients. Prove that the operation is bounded on every ball 
of M(T). 

Hint: Use exercises 6 and 7 above; show that if ||"||arcry) < r then ||F'(v)||arcry < 
ALEA: 

9. Prove Theorem 9.4. 

10. Show that if F is defined and continuous on R and if F(ji(n)) are 
Fourier-Stieltjes coefficients, j: being the measure introduced in exercise 7, then 
F is analytic at the origin. If F(kj(n)) are Fourier Stieltjes coefficients for all 
k, then F is entire. 

11. Let u € M(T) be carried by a compact independent set and assume that 
fi(n) — 0 as |n| — œ. (Such measures exist: see [25].) Let B be the closed 
subalgebra of M (T) generated by L' (T) and p. 
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(a) Check that Theorems 9.1 and 9.4 are valid if we replace in their state- 
ment M(T) by B. 

(b) Notice that the restriction of B to Z is a function algebra on Z, interme- 
diate between A(Z) and co both of which have Z as maximal ideal space, and 
yet its maximal ideal space is larger than Z. 


10 THE USE OF TENSOR PRODUCTS 


In this final section we prove a theorem concerning the symbolic 
calculus and the failing of spectral synthesis in some quotient algebras 
of A(R). The theorem and its proof are due to Varopoulos and serve 
here as an illustration of a general method which he introduced. We 
refer to [26] for a systematic account of the use of tensor algebras in 
harmonic analysis. 


10.1 Let E c R be compact. We denote by A( E) the algebra of func- 
tions on E which are restrictions to E of elements of A(R). A(E) 
is canonically identified with the quotient algebra A(IR)/k(E) (where 
k(E) = {f:f € AUR) and f = 0 on E} and is therefore a Banach alge- 
bra with E as the space of maximal ideals (see 5.5). The main theorem 
of this section is: 


Theorem. Let E, E> be nonempty disjoint perfect subsets of R, such 
that FU E> is a Kronecker set. Put E = E, + Est. Then: 

(a) Every function F, defined on R, which operates in A( E) is analytic. 
(b) Spectral synthesis fails in ACE). 


Remarks: (i) We place E on R for the sake of technical simplicity 
and in accordance with the general trend of this book. Only minor 
modifications are needed in order to place E in an arbitrary nondiscrete 
LCA group, obtaining thereby a proof of Malliavin’s theorem 7.4 in its 
full generality. 

(ii) We shall actually prove more, namely: A( E} is isomorphic to a 
fixed Banach algebra (subsections 10.2, 10.3, and 10.4) for which (a) 
and (b) are valid (subsection 10.5). 


10.2 Let X and Y be compact Hausdorff spaces, X x Y their cartesian 
product. We denote by V = V(X,Y) the projective tensor product of 
C(X) and C(Y); that is, the space of all continuous functions y on 
X xY that admit a representation of the form 


TE} + E> = {z : z = z1 + x2 with zj € Ej} 
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(10.1) (x,y) = 5° f(x) 9;(y) 


with f; € C(X), g; € C(Y), and 


(10.2) Yell Filloollgslloo < 0°. 


We introduce the norm 


(10.3) lolly = inf So | Fillo llgillco 


where the infimum is taken with respect to all possible representations 
of y in the form (10.1). It is immediate to check that the norm || ||y is 
multiplicative and that V is complete; thus V is a Banach algebra. 


Lemma. The maximal ideal space of V can be identified canonically 
with X xY. 


PROOF: Denote by Vi (resp. V2) the subalgebra of V consisting of 
the functions p(z, y} which depend only on x (resp. only on y). It 
is clear that V; and V2 are canonically isomorphic to C’(X) and C(Y) 
respectively. A multiplicative linear functional w on V induces, by 
restriction, multiplicative linear functionals wı on Vi and we on Vz. By 
Corollary, 2.12, wı has the form f — f(x) for some zo € X; we has 
the form g > glyo} for some yo € Y, and it follows that if 


(x,y) = SO fil x)gs(y 


then 


= Ñ. fi(x0)9;(Yo) = elo, yo). ` 


Corollary. V is semisimple, self-adjoint, and regular. 


10.3 We assume now that X is homeomorphic to a compact abelian 
group G (more precisely, to the underlying topological space of G) and 
that Y is homeomorphic to a compact abelian group H. We denote both 
homeomorphisms X — G and Y — H by ø. o induces canonically a 
homeomorphism of X x Y onto G $ H, and hence an isomorphism of 
C(G ® H) onto C(X xY). 


Lemma. The canonical isomorphism of C(G & H) onto C(X x Y) 
maps A(G ® H) into V. 
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PROOF: Let y be a character on G'S H and let x be its image under the 
canonical isomorphism, namely 


(10.4) x(2,y) = x(ox, oy). 
Since y(ox, cy) = x(ox,0)x(0, cy) we have 
(10.5) x(x, y) = x(x, 0)x(0, y) 


so that x € V and |xly = 1. Ify € A(G @ H) then y = J ax 
the summation extending over G@H and lela = SSla,|. The image 
of y under the canonical isomorphism is y = 5>a,x and therefore 
llellv < Xlax = lella. < 


If p € A(G $ H) depends only on the first variable, that is, if y(x, y) = 
w(x), then y € A(G}. Assuming G to be infinite we have A(G) 4 C(G) 
and it follows that the image of A(G &@ H) in V does not contain V; and 
is therefore a proper part of V. 

The connection between A(G $ H} and V is only that of (canonical) 
inclusion, which is too loose for obtaining information for one algebra 
from the other. A closer look reveals, however, that the structure needed 
for the lemma is not the group structure on G or on H but only the 
cartesian structure of G @ H, while in order to show that the image of 
A(G @ H) is not the entire V we use the group structure of G. The idea 
now is to keep the useful structure and obliterate the hampering one; 
this is the reason for the appeal to Kronecker sets. 


10.4 Theorem. Let E, Es, and E be as in the statement of Theorem 
10.1. Let X and Y be homeomorphic to the (classical) Cantor set. Then 
A(E) is isomorphic to V(X,Y). 


PROOF: We begin by noticing that FE, and E», being portions of a 
Kronecker set, are clearly totally disconnected and, being perfect and 
nonempty, are homeomorphic to the Cantor set. Thus, X, Y, E and E» 
are all homeomorphic and we simplify the typography by identifying 
X with EF, and Y with Ey. Since FE, U Fs is a Kronecker set, hence 
independent, the mapping (x, y} — x+y is a homeomorphism of X x Y 
on E. We now show that the induced mapping of C(E) onto C(X x Y) 
maps A(E)} onto V. The fact that A(E) is mapped into V (and that the 
map is of norm 1) is a verbatim repetition of 10.3. We therefore have 
only to prove that the mapping is surjective that is, maps A( E} onto V. 
We shall need: 
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Lemma. Let E be a Kronecker set. Then every f € C(E) can be 
written as f(x) = Yiane%® with Y\an| < 3\lflogg. In particular: 


A(E) = C(E) and ||f\| cz) < 3llf\loo- 


PROOF OF THE LEMMA: It is enough to show that if f € C(£) is real 
valued, f(x) = Tane”® with Pjan] < 3/2\|f|lo. Let f real valued 
and assume, for simplicity, that || fllo = 1; define g(a) = y1 — (f(2))?, 
then g is continuous and ® = f + ig has modulus 1 on EF. Let A, be 
such that |® — e*| < = on E; this implies |f — cos Aya| < ip on E. If 
|| f||.o 1s not 1 consider iris f and obtain 4; such that 


If — |[flloo cos Ara] < alll on É. 


We now proceed by induction. Define a1 = ||fl|.0, A1 as above, and 
fi = f — a, cos àz; once we have a,...,@n,A,...,An, and fn, define 
Anti = \fnlloos Anti by the condition | f,, — cos Ansi2| < an+1/10, and 


fati = fn — Gn41 COS Ansiz = f — yorti aj COS A;X. 

We clearly have an+ı < an/10 < ||flo107” and it follows that 
Fla) = Lane with Dlan! = Zan < ||flo EF 10 < 3/2 Flo. 
Writing cos Ang = 5(e"* + e~*) we obtain f as a series of expo- 
nentials. < 


Remark: A(E) is actually isometric to C(E); see exercise 2 at the end 
of this section. 


PROOF OF THE THEOREM, COMPLETED: We identify X xY with E, and 
V with the subalgebra of C(E) consisting of the functions y which 
admit a representation 


(10.6) platy) =X Hagu) xE Bi, ye E 


where f; € C(Eı), g; € C(E2) such that (10.2) is valid. All that we 
need to show is that if y € V then y € A(E). 
Let y € V and consider a representation of the form (10.6) such that 


(10.7) So | Filleollgillos < 2lellv- 


Using the lemma we write each f; as an exponential series (E1, being 
a portion of a Kronecker set, is itself one) and similarly for the g;. 
Denoting the frequencies appearing in the f’s by À, and those appearing 
in the g’s by v, and taking account of (10.6) and (10.7), we obtain 


(10.8) (e+y)= 2a etery gem, y © Bo 
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where 


(10.9) Solar! < 18|/yllv- 


We now use the fact that E, U Ea is a Kronecker set: let (A, v) be a pair 
which appears in (10.8) and define 


AT E 
h(a) = f: z €E ba, 


eY? x4 © Bo: 


h is clearly continuous and of modulus 1 on Fy U E and it follows that 
there exists a real number € such that 


(10.10) |e" — h(x)| < 1/200 on Ey U Eb. 
We have (for x € E1, y € Es), 
etH) _ pidegivy — (eT _ g-Avygity 4 pide (ity _ givy) 
which means that (with the canonical identifications) 
ett) — CP eiry jy < 1/100. 
We can now write y = 7; + pı where 
P le+y)= 5 ay pe ET) 
and 
plz +y)= y arole eY — eilet) 
and notice that 3, € A(E) and, by (10.9), 
lalam < $ larel < 18|lellv; 
also 


Iv < lolly < tlel 
pı v S jogol PIY S Silly. 


Repeating, we obtain inductively 
Pn = Unti + Pn+1 
where 
Onyi EAE), Wnsallacey < I8lonlv, and ignsally < $ lkenllv. 
It follows that y = X` ¥,, € A(E) and 


lela < (Èo ST") lelly < 25llellv. < 
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10.5 We now show that statements (a) and (b) of Theorem 10.1 are 
valid for V = V(X,Y) (X and Y being both homeomorphic images 
of the Cantor set). This is obtained as a consequence of the fact that 
(a) and (b) are valid for the algebra A(D}) (see exercise 8.5 for (a) and 
Theorem 7.4 for (b)). 

Since X and Y are homeomorphic to D we may consider V as a 
function algebra on D x D. Using the group structure and the Haar 
measure on 1) we now define two linear operators M and P as follows: 


(10.11) for f € C(D), write Mf(z,y) = f(a+y); 


(10.12) fory € C(Dx D), write P(x) = f plz — y, ydy. 
D 


M maps C(D) into C(D x D}, P maps C(D x D) into C(D), and, since 
for f € C(D); 


PM/() -f Mite yuidy = f f(a)dy = f(2), 


it follows that PM is the identity map of C'(D). 


Lemma. M maps A(D) into V and its norm as such is 1. P maps V 
into A(D) and its norm as such is 1. 


PROOF: Iff = > a,x with >°lay| = || flam) < oo then 
Mf =} axe) EV and |Mfllv < $ lax = flaw 
If p(z, y) = f(x)g(y) then 
Py= fre —y)g(y)dy = fxg 
hence 
` ` 9 1/2 9 1/2 
IPellaw = Dlia Ee) Ew) 


= [Flza <Ill lgl 


(10.13) 


By (10.13) and the definition (10.3) of the norm in V it follows that for 
arbitrary ẹ € V, ||Pyllam < lellv. < 
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Corollary. Let y € C(D x D) and assume that for some y% € C(D) we 
have p(x, y) = ylz +y). Then p € V if, and only if, p € A(D), and then 
lelv = [ell a@- 


In other words, M is an isometry of A(D)} onto the closed subalgebra 
Vz of V of all the functions y(x, y} which depend only on x + y. 


Remark: The subalgebra V3 is determined by the "level lines": 
x+y = const, which clearly depend on the group structure of D. In- 
stead of D we can take any group G whose underlying topological space 
is homeomorphic to the Cantor set; for every such G, V has a closed 
subalgebra isometric to A(G). 


We are now ready to prove: 


Theorem. (a) Every function F, defined on R, which operates in V is 
analytic. (b) Spectral synthesis is not always possible in V. 


PROOF: (a) If F operates in V, so it does in V3 (since the operation by 
F conserves the level lines), hence in A(D) and by Theorem 8.6 (rather, 
exercise 8.5), F is analytic. 

(b) Let H c D be a closed set which is not a set of spectral synthesis 
for A(D) (see Theorem 7.4). Define: 


H*={(2,y):a+yeH}cDxD. 


We contend that H* is not a set of spectral synthesis in V. By 7.3 
we have a function f € A(D) which vanishes on H and which cannot 
be approximated by functions in Jp(H) (i.e., functions that vanish in 
a neighborhood of H), that is, for some ô > 0, ||f — gllam) > ô for 
every g € Io( H}. We show that H* is not of spectral synthesis for V by 
showing that for Mf, which clearly vanishes on H*, and every y € V 
which vanishes in a neighborhood of H*, we have |M f — y|ly > 6. 

For this we notice that if y vanishes on a neighborhood of H*, then 
Py vanishes on a neighborhood of H, so that 


IMf— vllv = ||PMf— Pellam = If- P¢llaw > ô. < 


Theorems 10.4 and 10.5 clearly imply Theorem 10.1. 
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EXERCISES FOR SECTION 10 


1. Let f be a continuous complex-valued function on a topological space 
X. Assume 0 < |f(x)| < 1 on X. Show that f admits a unique representation 
in the form f = $(g1 + g2) such that |g; (x)| = 1 on X and g; are continuous, 
j = 1,2. Deduce that if X is homeomorphic to the Cantor set, every con- 
tinuous complex-valued function f on X admits representations of the form 
f = 4\lflloo(g1 — g2) + fı where gj are continuous, |g;(x)| = 1 on X, and 
|| ft loo is arbitrarily small. 

2. Let B be a Banach space with the norm || |o and let Bı c B bea 
subspace which is a Banach space under a norm || ||1 such that the imbedding of 
Bı in B is continuous. Show that if there exist constants K > 0 and0 <n <1 
such that for every f € B there exist g € Bı and fi € B satisfying f = g — fi, 
lgl < KIlfllo; and || filo < nllfllo, then By = B and || |1 < KO = 7I] llo. 
Use this and exercise 1 to prove remark 10.4. 

Hint: See either proof in 10.4. 


Appendix A 


Vector-Valued Functions 


1 RIEMANN INTEGRATION 


Consider a Banach space B and let F be a B-valued function, de- 
fined and continuous on a compact interval [a,b] c R. We define the 
(Riemann) integral of F on [a,b] in a manner completely analogous to 
that used in the case of numerical functions, namely: 


DEFINITION: f? F(x)dx = lim )y. (241 — ej) F(2;) where 
a = £o < zı <- < EN+1 =), 


and the limit is taken as the subdivision {z; yo becomes finer and 
finer, that is: as N — œ and maxo<j<n(#j41 — £j) —> 0. The existence 
of the limit is proved, as in the case of numerical functions, by showing 
that if {x;} and {y, } are subdivisions of [a, b] which are fine enough to 
ensure that || F(a) — F(3)|| < £ whenever a and 8 belong to the same 
interval [z;, #541] (or [yj, yj+1]), then 


Soa — 25) F (a5) — So (yes — yF (yr)|| < 2b — ae. 
J=0 J=0 


This is done most easily by comparing either sum to the sum corre- 
sponding to a common refinement of {x;} and {yx}. 
The following properties of the integral so defined are obvious: 
(1) If F and G are both continuous B-valued functions on [a,b], and 
C1, & € C, then: 
‘b 


[aro + @G(2x))dx = c [ Fee + a f G(x)dz. 


a 


(2) Ifa < ce < b then 
[ F(a)dz = [ F(a)da + [ F(a)dx 
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b -b 
6) | Foja < | |F (@)|ldz 


(4) If u is a continuous linear functional on B, then: 
b 
a 


[Petes = f (F(z), pdz . 


2 IMPROPER INTEGRALS 


Let F be a B-valued function, defined and continuous in a nonclosed 
interval (open or half-open; finite or infinite) say (a, b}. 

The (improper) integral f? F(x)dx is, by definition, the limit of 
fe F(x)dx where a < a’ < b' < b and the limit is taken as a’ — a 
and b — b. As in the case of numerical functions the improper integral 
need not always exist. A sufficient condition for its existence is 


| \|F(2) idx < o. 


3 MORE GENERAL INTEGRALS 


Once in this book (in VIII.8) we integrate a vector-valued function 
which we do not know a-priori to be continuous. It is, however, the 
pointwise limit of a sequence of continuous functions and is therefore 
Bochner-integrable. We refer the reader to [10], chapter 3, §1, for de- 
tails on the Bochner integral; we point out also that for the purpose of 
VIII.8, as well as in other situations where the integral is used mainly to 
evaluate the norm of a given vector, one can obviate the vector-valued 
integration by applying linear functionals to the integrand before the 
integration. 


4 HOLOMORPHIC VECTOR-VALUED FUNCTIONS 


A B-valued function F(z), defined in a domain Q c C is holomor- 
phic in Q if for every continuous linear functional u on B, the numerical 
function A(z) = (F(z), p} is holomorphic in Q. 

This condition is equivalent to the apparently stronger one stating 
that for each zo € Q, F has the representation F(z) = Xpo an(z— 20)” 
in some neighborhood of 2); the coefficients a, being vectors in B 
and the series converging in norm. One proves that, as in the case of 
complex-valued functions, the power series expansion converges in the 
largest disc, centered at zo, which is contained in Q. These results are 
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consequences of the uniform boundedness theorem (see [10], chapter 
3, §2). 

Many theorems about numerical holomorphic functions have their 
generalizations to vector-valued functions. The generalizations of the- 
orems dealing with "size and growth" such as the maximum princi- 
ple, the theorem of Phragmén-Lindel6éf, and Liouville’s theorem are 
almost trivial to generalize. For instance: the form of Liouville’s theo- 
rem which we use in VIII.2.4 is 


Theorem. Let F be a bounded entire B-valued function. Then F is a 
constant. 


PROOF: If F(z21) # F(z) there should exist functionals u € B* such 
that (F(21),u) #4 (F (29), 4) However, for all 4 € B*, (F(z), p) is a 
bounded (numerical) entire function and hence, by Liouville’s theorem, 
1s a constant. < 

Another theorem which we use in IV.I.3 is an immediate conse- 
quence of the power series expansion. We refer to 


Theorem. Let F be a B-valued function holomorphic in a domain ©. 
Let Y be a B*-valued function in Q, holomorphic in z. Then h{z) = 
(F(z), U(z)) is a holomorphic (numerical) function in Q. 


PROOF: Let zo € Q; in some disc around it F(z) = So a,(z — 20)", 


W(z) = Ybp(z — z0) , hence h(z) = YT pp (aes bn—x))(2 — 20)", and 
the series converges in the same disc. 


Remark: © of IV.1.3 corresponds to Y here. 


Appendix B 


Elementary Probabilistic methods 


In this appendix we give a few examples of the power of Probabilis- 
tic methods in Harmonic analysis. 

The approach is to replace the study of particular functions or se- 
ries, by the study of typical functions or series. There are several ways 
to define “typical”, 

1. The Baire category “typical” in a complete metric space— what 
happens for all but an exceptional set of the first category. 

2. The measure or probabilistic definition. Here one defines a prob- 
ability measure on a class of objects, say series, and “typical” is what 
happens for all but an exceptional set of measure zero. 

A beautiful example of the use of the category method is Kaufman’s 
theorem VI.9.4. Here we limit ourselves to the second approach in one 
concrete case, that of series with coefficients that have random signs. 


1 RANDOM SERIES 


1.1 Independence. We refer the reader to Vk2.11 for some of the 
basic terms. 

Let (0, B, P)be a probability space and F;, j = 1,...,k sub-sigma- 
algebras of B. 
DEFINITION: F; are independent if, whenever O; € Fj, j = 1,...,k, 
then 


(1.1) P(Mo,) = [[P(oo. 


The variables X),..., Xy are independent if Fy, are independent, where 
Fx, denotes the field of the variable Xj, that is the sub-c-algebra of B 
spanned by the events {X; € O} = {w: X;(w) € O}, O open. 


Theorem. The following conditions are equivalent: 
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I. The random variables X,,...,X, are independent. 


2. The image of u under the map X ++ R® given by (X1,..., Xz) is 


a product measure. 


3. If f; are continuous functions on the line such that f;(X;) have 
expectation (are integrable), then E (J| f;(X;)) = HE (HX). 


4. dF. ty, = | | *dF'x, (convolution product). 


1.2 Rademacher functions. The Rademacher functions, {rn}, is a 


sequence of independent random variables, taking the 
with probability $ for each. 


values 1 and —1 


A standard concrete realization is to define r,, on the interval [0, 1], 


(endowed with the Lebesgue measure) as follows: let 


én(2) be the co- 


efficients in the (non-terminating) binary expansion of x € [0,1), that 
is x = $ e;(£)277, with <;(x) either zero or one, and set r(x) = 


(e0, 


Another common representation of the Rademacher functions is as 


the characters ¿m defined by VIII. (7.15) on the group | 
measure). 


D (with its Haar 


Proposition. Let a, be real numbers such that Y`|an|? = a°. Then, 


for all X > 0, 

(1.2) P © antn > ad) <e*, 
and 

(1.3) P (oan > aa) < 2e% 
For complex ay, with Y` |a} | = a”, 


2 
> ad) < de. 


(1.4) P (> On¥n 


PROOF: For real valued an, 


E (chan) = ][£ (eòma) = J [cosh Nan < IG = eN 


Write Y = F anrn. As E (etay > P(Y > ad), 
Applying the same inequality to —Y, we have (1.3). 


we obtain (1.2). 
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If the a,, are complex we write a; = cj + idj, the decomposition 
to real and imaginary parts, and notice that |a;|? = cf + dj so that if 


Dé =e and h = a’, then d = e +d’. If [E aye; > aà then 
either 

Ver >cA or rary > dà 
and we have (1.4) < 


1.3 We denote by Trim, the operator of trimming at height à, namely, 
given a complex valued function g, we define 


(1.5) Trim, g = min(|g|, A)-sgn (g), 

where sgn (g) = g/|g| (and sgn (0) = 0). 

Lemma. Assume Y`|an|? = a, and set X = Y` antn. Then, for À > 0, 
(1.6) |X — Trim, X||22 < 4A? + 2a?)e7 27. 


PROOF: If Gx(x) = P (|X| > z), then 


|X — Trim, X|? = -f x£ dGyx = Gx (A) +2 f Gx (ade. 
à » 


Since Gx (x) < 4e~ 207, this is bounded by 4(? + 2a2)e7 2:7. < 


1.4 Fubini. Let Soa? =a? < œ, and X(t) = X(t,w) = ane r,(w). 
Given A > 0, we have estimate (1.6) for every t € T, and integrating dt 
we have 


(1.7) fr (|X(t) — Trim, X(¢)1?) a < A(X? + 202 )e7 È? 


Reversing the order of integration (Fubini’s theorem) we obtain that 
there exist choices of w for which 


(1.8) |X (t) — Trim X(t) lZer) < 4A? + 20?)e7 27, 
This proves 


Theorem. Given complex numbers an such that )~\a?,| = a? and given 
à > 0, there exists a choice ofen = +1 such that, with g(t) = > énane™, 


: ‘ : a, a2 
(1.9) lg) — Trim 9(¢)||Leer) < AA? + 20° )e 207 
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When (1.9) is valid, if N is sufficiently large, we can replace Trim, g 
by the Fejér sum y = oy (Trim, g) and still have |||], < A and 


. . n 22, 
(1.10) g(t) — ellz) £ 4A? + 2a” )e zez 


In the next section we use (1.10) systematically with \; = 10*||gz || 22, 
and yx = on, (Trim), gk), where Np is big enough to guarantee 


(1.11) \lgn(t) — prlH lliz) < 5-10°* exp(—.5-10"*) || gl\72 
which we often replace by the (very wasteful) 


(1.12) lO — Hlm < exp(—10")||g||Z2- 
These inequalities are valid for a proper choice of signs. 


2 FOURIER COEFFICIENTS OF CONTINUOUS FUNCTIONS 


What we show here is that, in terms of size, Fourier transforms of 
continuous functions majorize any l? sequence. 


2.1 Theorem (deLeeuw-Kahane-Katznelson). For any sequence 
{an} € Ë there exist functions f € C(T) such that |f(n)| > \a,| for all 
nek. 


required continuous function f is obtained as a uniformly convergent 
sum >>, yx with px defined recursively. 

Write g = 2Y enane’”’, à = 20, and choose ep = +1 such that 
(1.11) is valid for gı, 41, and %1, so that 


PROOF: We may clearly assume that an > 0, and that 5° az = 1. The 


lgi — villz2 < 4-50007%° < 1071". 


The choice of A; = 20 is not optimal; it is done to make obvious the 
super—exponential decay of ||gz||,2 below. Write 


A, = {n €Z:|G1(n)| < 3a,,/2}. 


Ifn € A, then |ĝi (n) — gi|(n) > an/2, which implies 


(2.1) So a, <All = yille < 4107. 
nEAI 
Write g = 3 Jne Ay En anett where 2 = +1 are chosen such that 


(1.1 1) is valid for 92, A2 = 100 lgl z2; Nə, and 2 Z ON, (Trim), ga). 
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Notice that 
lgəllz2 < 6-107? and |gi(n) + go(n)| > (1+271)a, for all n. 


The inductive step is virtually identical: assuming g; and y; known, 
j < k, and 


(2.2) (Pan) +--+ Akaa ln) + dela) > + 2° )an 
for all n, we set 
(2.3) Ap = {n EZ: A(n) + Gx (n)| < A427 )an} 


and define gy1 = 3 Epea, En, kne with {¢,,.} such that (1.12) is 
valid for Ay = 10*. Independetly of the choice of signs, (2.2) is valid 
fork+1. 

For n € Ap we have | (n) — dx(n)| > 2-Fan, so 


(2.4) Igri |l72 < 2% lge — pall72 < 27” exp(—10")|| gellz2- 


The norms ||gz||z2 decrease super—exponentially; |||. are only 
exponentially bigger so that the series f = J px converges uniformly 
and (2.2) implies that | f(n)| > an for all n. < 


3 PALEY-ZYGMUND, (when Ņjan|? = œ). 


The following special case of a theorem of Paley and Zygmund 
shows that, as opposed to the “smoothing effect” that adding random 
signs has on trigonometric series with coefficients in £, turning the se- 
ries a.s. into the Fourier series of a subgaussian function* on T, the 
series )*@prne"™ with Jlan|? = œ is almost surely not a Fourier- 
Stieltjes series. 

This and Theorem 2.1 are, in a sense, two sides of the same coin; 
showing, in particular, that the Hausdorff—Young theorem can not be 
extended beyond p = 2. 


3.1 Lemma. Assume S~\a2| = a’. Then |F antn(w)||z1 > alev2)7". 


PROOF: We may assume, with no loss of generality, thata = 1. If 
an are real-valued, the functions Yy = mra + ianťn} are uniformly 


bounded by [](1 + janl?) < edit! = e, 


(3.1) >> antn(w)| 7 > aE anra (w)) Yndo =e! X lan}, 


* A random variable X is subgaussian if e¢|*|” is integrable for some constant c > 0. 


280 AN INTRODUCTION TO HARMONIC ANALYSIS 


since the only integrands with non-zero integrals are i|a,,|°. 
For an which are not necessarily real-valued, break the sum into its 
real and imaginary parts, and apply (3.1) to each. < 


Remark: The products defining 7, are the Riesz products of the sec- 
ond kind (see V.1.3) for the group D. 


3.2 Lemma. Let X be a non-negative random variable, E (Xx?) < œ. 
Then for < à< 1, 


E(X 
E(X) 


P({w:X(w) > AE(X)}) > (0-A)? 


PROOF: Denote A = {w:X(w) > AE(X)}, a = P(A). The contribu- 
tion of the set A to E (X) is at least (1 — A)E (X), which means that 
average of X on A is at least a7™!(1 — \)E(X), and the contribution 
of A to E (X°) is therefore at least a~!(1 — APE (X}°. It follows that 
a~'(1— \)?E(X)° < E (X°), and a > (1 — APE (XY /E (X?). ` 


Corollary. I5 |a}| = a°, then 
(3.2) P({w: do antn(w)| > a/10}) > 273e-?. 
PROOF: Take A = Z, X = |$ anťrn| and use Lemma 3.1 to estimate 


E(X). < 


Theorem (Paley-Zygmund). If \~\a,,\? = œ then the series 


(3.3) 5 anrne™t 
is almost surely not a Fourier—Stieltjes series. 


PROOF: We use the standard notation for the Fejér kernel, 


n 


(3.4) KO- (1- |l Je, 


n+l 


j=—n 
the de la Vallée Poussin kernel, 


(3.5) Vnt) = 2Kon+1(t) = Kn (t), 
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and introduce the polynomials 


(3.6) Warn (t) = Vn(t) — Vam(t) = Sewn (nye. 
M<|n|<2N+4+1 

We have 0 < cm n(n) < 1 and, for n such that 2M < |n| < N, 

cm, n(n) = 1. Also, Kr llz: = 1, [Va] z: < 2, and (Wa, y llz: < 4, 

and it follows that if v € M(T), then for every N > M € N, the Lt- 

norm of the polynomial 


(3.7) v * WM N = 5 cm, N(M D(n)e™* 
M<|n|<2N+1 


is bounded by 4||v|| mr) 
Choose inductively {M;, Nj} such that M; > 3.N;_1, and then N; 
big enough to have S75 y, <in|< N; lanl? > 10-277, and write 


(3.8) Fiw, t) = 5 cun(M)anrne™. 


M,;<|n|<2Nj41 


If for a given «” the series (3.3) is the Fourier—Stieltjes series of a 
measure vy, then 
3.9) Wj’) = vw *Wy,.n,, and |Wj(w', Irigy < 4lew ll 
For every t € T, (3.2) implies P(Y; (w, t) > 27) > c? =273e~°. This 
implies 
P2 u(t) :P;(w,t) > 2/}) >, 


so that setting Q; = {w: u({t: VU; (w,t) > 27}) > ch, we have P(Q;) > c. 
Since 2 are independent, we have P (lim sup 2,;) = 1 (Borel—Cantelli), 
and for no w € lim sup 9; can the series (3.3) be Fourier—Stieltjes series. 

< 
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